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ABSTRACT 
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With recent improvements to point cloud processing software, encouragement has been 
given by software manufacturers and retailers to register individual point clouds without 
isolated targets. Manufacturer test trials and online tutorials show examples of targetless 
point cloud registration in action. However, it is believed by the author that these 
examples, using only a handful of scans in beneficial scanning environments, do not 
necessarily take into account varied, real-world survey conditions that often take multiple 
scans to effectively measure.  
 
This research project seeks to vigorously test and compare the accuracy of point-cloud 
registration between target-based and targetless processing methodologies across three 
common point-cloud software packages—FARO Scene, Trimble Realworks and 
Autodesk Recap. The project is largely field-work based and experimental in nature using 
six real-world survey scanning scenarios: 
1) a heritage facade survey,  
2) a quarry plant / conveyor system survey,  
3) an indoor floorplan survey,  
4) a tunnel survey,  
5) a commercial roof survey, and  
6) a wharf monitor survey 
 
In each scanning scenario, target-based and targetless point-cloud registration methods 
have been compared and evaluated as to the accuracy of targetless registration for data 
extraction.  
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A control survey was undertaken for each scenario using traditional total-station 
measurements of key scanning targets within the scan area to form a base datum. The 
scanning data was then processed through each software package with the artificial targets 
isolated and point clouds registered as normal.  The relative points were compared to the 
control survey and found to align well both horizontally and vertically.  The identical 
(pre-edited) raw scan FLS files were then re-processed through each software package.  
The artificial targets within the scans (minus the isolated control stations that needed to 
remain for comparisons) were cut away and a targetless registration was completed for 
all survey areas utilizing as far as possible the software’s default targetless registration 
settings. The results were compared to the control survey and it was found that, for most 
scenarios, the control stations generally aligned horizontally within survey accuracies but 
vertically showed a lack of accuracy required for the precise nature of terrestrial laser 
scanning (TLS). 
 
By testing across a good cross-section of survey scanning scenarios, it can be 
demonstrated that targetless point cloud registration has its limitations in accurately 
portraying certain real-world conditions especially in regard to vertical displacement. 
Though possibly suited to some surveying scenarios, vigorous quality control and 
traditional check measurements should be used to support user confidence of the data 
obtained. 
 
Further research into developing better targetless registration algorithms that seek to 
minimize cloud to cloud vertical distortion would be beneficial to targetless software 
development/enhancement. 
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CHAPTER 1 
 
INTRODUCTION 
1.1  Introduction 
 
Recent years have seen a sharp increase of surveying related businesses offering 
Terrestrial Laser Scanning (TLS) as a potential service for clients. Typically, a client 
engages a surveying company to utilize TLS based on the perceived benefits of a 
millimetre Level of Detail (LOD) and precision available for feature/data extraction. 
Often, a scanning project is made up of multiple overlapping scans—extremely precise 
and accurate within themselves—that are required to be ‘stitched’ together to fully portray 
the real-world conditions present at the time of the survey. The key to achieving this 
single representative data set is to ‘stitch’ or register the separate overlapping scans 
together with the ultimate desire that the resulting point cloud accurately represents the 
real-world environment it portrays.  
 
1.2  Research Rationale 
 
In the course of his employment, the author of this dissertation is engaged regularly in 
TLS activities and has over two years’ experience in scanning and point-cloud processing 
using FARO Scene, Trimble Realworks and Autodesk Recap. Throughout his processing 
activities, the author has seen improvements in point-cloud processing times, registration 
tools available, final accuracies achieved and total job time-frames, from initial scan to 
final deliverable, minimised. Recent updates to the processing software packages used by 
the author have included alternatives within the point cloud registration processes. 
 
The traditional approach to point cloud registration is to isolate natural targets (i.e. planes, 
pipes, corner points, etc.) and/or placed artificial targets (i.e. spheres, checkerboards, etc.) 
visible within separate but overlapping point clouds. The isolated targets are then used by 
the processing software to align and match the individual, overlapping point clouds into 
one common point cloud. This process is known as target-based registration.  
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Recently, with improvements to point cloud processing software, emphasis has be given 
by software developers and retailers to register individual point clouds without isolated 
targets. This method of point cloud registration seeks to solely use the overlapping scan 
data to align separate local point clouds into a common global point cloud. Theoretically, 
the placement of artificial targets in the scanning process is not required. This, in turn, 
can allow for significantly minimised field-work times and the achievement of faster, 
more stream-lined workflows. Manufacturer test trials and online tutorials show examples 
of targetless point cloud registration in action. However, it is believed by the author that 
these examples, using only a handful of scans in beneficial scanning environments, do 
not necessarily take into account varied, real-world survey conditions that often take 
many scans to effectively measure.  
 
Using earlier software versions of FARO Scene and Trimble Realworks the author has 
previously undertaken a targetless registration of several original target-based scanning 
surveys with differing co-ordinated results. The different registration methods utilized 
identical raw scanning data and in both methods, though giving different results, the 
registration passed the software’s internal quality control. In one instance, the difference 
between survey control points and identical points processed through targetless 
methodologies was in the order of 0.1m horizontally and 0.6m vertically, yet the 
registered point cloud indicated good alignment and tight scan overlap. In this instance, 
across a building that already containing differing floor and ceiling levels, the potential 
for erroneous level data being given to the client for design purposes warranted serious 
questioning of the targetless registration method. In another test, a tunnel’s long transition 
curve was oriented in the wrong direction using targetless registration. Again, the final 
combined point cloud passed the software’s quality control systems. 
 
Recent versions of FARO Scene (5.4), Trimble Realworks (8.1) and Autodesk Recap 
(2016) offer improvements in targetless processing. These versions should be tested 
utilizing real-world scenarios to confirm the accuracy of targetless registration as 
compared to coordinated survey control points. 
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1.3   Research Objectives 
 
The overall aim of the project is to vigorously test and compare the accuracy of point-
cloud registration between target-based and targetless processing methodologies across 
the three point-cloud software packages listed above—FARO Scene, Trimble Realworks 
and Autodesk Recap. Therefore, the project is largely field-work based and experimental 
in nature. It is hoped by trialling targetless registration in differing real-world 
environments, that potential strengths, weaknesses and challenges of the targetless 
methodology be identified. It is believed that this in turn will lead to added user/surveyor 
confidence and enhanced laser scanning survey best-practice methods. 
 
For user/surveyor confidence to be achieved, rigorous testing must be undertaken across 
differing surveying scenarios. Six scenarios have been chosen that represent a good cross-
section of typical TLS projects. They are:  
 
1) A heritage facade survey   
2) A quarry plant/conveyor system survey 
3) An indoor floorplan survey  
4) A tunnel survey 
5) A commercial roof survey, and  
6) A wharf monitor survey 
Further descriptions of each scenario will be given below in Chapter 3. 
 
It must be noted that the project is only testing the initial registration step of the laser 
scanning work-flow. Following initial point cloud registration, geo-referencing, as an 
optional process, is sometimes applied to the registered point cloud to align the scanned 
data to a pre-determined co-ordinate system. To be geo-referenced a single registered 
point cloud must consistent within itself to be shifted and rotated in the first instance. It 
is for this reason that the testing be carried out on the initial registered point cloud. It is 
an initial step in the processing work-flow that needs to be accurate for following steps 
to progress suitably. Geo-referencing targetless point clouds, including the additional 
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scan tensions introduced into the registered point cloud during the geo-referencing 
process, are beyond the scope, aims and objectives of this project. 
 
A final result of this project (see Chapter 6) will be up to six comparison co-ordinates for 
each surveyed control point within each scanning scenario. These results, based on the 
two processing methods across the three different software packages, will allow 
confirmation on the suitability and accuracy of targetless point cloud registration for 
survey applications. The tabulated results will endeavour to confirm the accuracy of 
targetless point-cloud registration while determining whether one processing package 
performs a more accurate targetless registration over another or whether targetless 
registration is more suited for one scenario over another. 
 
It is recognized that the test-work is not all-encompassing and every point cloud 
processing program has not been tested. However, the six key scenarios chosen, 
processed by three common software packages, represent a good cross-section of 
potential TLS engagements and processing tools. It is hoped the results will give a good 
indication of the suitability of targetless registration for the every-day survey business 
counting on quality control systems to minimise potential professional liability.  
 
Special mention will also be made to time-frames involved in processing according to the 
targetless method. It is true to say that targetless scanning, from a field-work perspective, 
is a big time-saver. However, will the possible increased processing times associated with 
targetless scanning cancel out the field-work time benefits achieved? Noting process 
times and estimating time savings associated with targetless scanning for each of the 
scenarios listed above, the author will seek to answer this question. Therefore, a basic 
time/benefit analysis will be made as part of Chapter 7. 
 
A final objective of the experimental test work undertaken for this dissertation is to allow 
a surveying business engaged in TLS to develop scanning best-practice methods based 
on the suitability of targetless registration, the survey scenario, the final deliverable and 
the level of detail desired to be achieved. These recommendations will also form part of 
Chapter 7. 
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CHAPTER 2 
 
LITERATURE REVIEW 
 
2.1  Introduction 
This chapter seeks to give the reader a general background into the principles, 
methodology and processing of terrestrial laser scanning (TLS) surveys.  
 
2.2  Terrestrial Laser Scanning (TLS) 
 
From a surveying perspective TLS is a relatively recent emerging technology. It’s an 
optics-based reflectorless measurement system in which a scanner rapidly emits many 
million laser pulses and the position of a point (x, y, z) on a surface is determined by the 
amount of light energy reflected back to the scanner’s photodetector (Lichti & Harvey: 
2002). This principle of non-contact, line-of-sight measurement is one of the key benefits 
of TLS technologies.  
 
Another key benefit of TLS is that significant amounts of points can be measured in very 
short time periods, often minutes. Compared to conventional surveying measurement  
systems it has been estimated that TLS is capable of measuring points up to ten thousand 
times faster than a total station (Yen, et al: 2013). Points are measured in a systematic 
angular pattern often with a density in the millimetre range. Point to point differentiation 
within the many million points measured can be seen in the degree of observed reflected 
intensity of the returning laser light or by colour (RGB) values measured by an in-built 
or attached panoramic camera. This allows the many millions of points, known 
collectively as a point cloud, to become a photo-realistic representation of the real-world 
surfaces measured. This has led to an overall appreciation of TLS as an effective 
combination of traditional total station reflectorless measurements with photogrammetric 
technology (Abbas, et al: 2014). 
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The whole TLS measurement system is essentially composed of four key elements as 
investigated thoroughly by Zogg (2008). They are as follows: 
 The scanner hardware used and its measurement methodologies / capabilities. 
 The scanning environment present at the time of measurement 
 The object(s) to be measured, and 
 The measurement configuration, such as object to scanner distance, object 
orientation and achievable point density. 
 
Each of these elements will be elaborated on through the remainder of this chapter. 
 
2.3  Scanner Types 
 
Laser scanners are defined by two key characteristics: field-of-view and measurement 
technique. 
 
A scanner’s field of view can be defined as the area scanned from a single scanning station 
(Zogg: 2008, p. 16). There are three scanner classifications from a field-of-view 
perspective. The first classification is a profile scanner. A profile scanner measures a pre-
determined cross-section (profile) in the environment’s z-axis. Only points along that 
cross-section are measured. The scanner measures only in a single direction at a specified 
interval. The second scanner classification is a camera scanner. This type of scanner acts 
the same way as looking through the eye-piece of a camera in that only what is shown in 
the limits of that eye-piece will be measured. Again, the scanner remains static and 
measures in a single direction, but whatever surfaces are within the pre-determined field 
of view are reflected and stored. The third classification, and the one generally associated 
with surveying applications, is a panorama scanner. A panorama scanner is capable of 
measuring a full 360 degrees horizontally and all but the area beneath the scanner and 
tripod are measured in the z-axis (Zogg: 2008). The following diagram illustrates the 
different field-of-view scanner classifications. 
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Figure 2.1: Field of view scanner classifications (Zogg: 2008, p. 16) 
 
The second characteristic defining scanner type is the specific measurement system used 
to observe and record individual points. For surveying applications, there are two 
predominant measurement types used to differentiate scanners. 
 
The first measurement-based classification of scanners is the time-of-flight scanner. For 
this type of scanner a laser pulse is emitted from diodes in the scanner and the distance 
from the scanner to a measured point is calculated as half the time it takes for that emitted 
energy pulse to return to the receiver. It is essentially a calculation based on the speed of 
light in relation to time (Rajendra, et al: 2014; Luh, et al: 2014). The position of a 
measured point is determined by using the time-of-flight distance calculated, combined 
with horizontal and vertical angles observed at the time of measurement. Time of flight 
scanners are mostly suited to long-range scanning (i.e. open-pit mining) with a typical 
range of seventy-five to one thousand meters (Yen, et al: 2013) and an optimum range of 
three hundred meters (Luh et al: 2014). 
 
The second measurement-based scanner classification is the phase-based scanner. This 
scanner, similar to the measurement techniques found in many modern total stations, 
follows the Optical Frequency Modulation of Current Waves (O-FMCW) and Amplitude 
Modulation of Current Waves (AMCW) technologies (Ingensand: 2006). Essentially, a 
sinusoidal laser beam is emitted by the scanner and the distance to an object is 
proportional to the wavelength difference between the emitted and received beam 
(Rajendra, et al: 2014; Zogg: 2008). Phase-based scanners offer faster, more accurate 
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point measurements compared to time-of-flight scanners and are extremely suitable to 
most surveying applications with an effective range up to one hundred meters (Yen, et al: 
2014). 
 
A visual depiction of the two measurement techniques that classify modern survey laser 
scanners is found in the following image. 
 
 
Figure 2.2: Scanner measurement techniques  
(Courtesy of SurvTech, www.floridalaserscanning.com) 
 
 
2.4  Basic Scanner Functionality 
 
The modern terrestrial laser scanners (2009 onwards) are considered the fourth generation 
of scanners based on modern improvements in measurement speed, accuracy and range 
(Staiger: 2011).  The same basic functionality, though, is observed in all previous 
generations of scanner hardware. As stated above, the basic premise of TLS measurement 
is that laser light is emitted from the scanner and, provided that a discernible degree of 
reflected light above a predefined threshold is observed (Lichti & Harvey: 2002), a point’s 
position is determined. The measured point, existing originally as a polar coordinate 
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determined by the horizontal and vertical axes of the instrument, is transformed into a 
Cartesian-based based coordinate by the hardware’s transformation parameters and the 
centre of instrument position (0,0,0 for x,y,z). This transformation is based on a series of 
angular encoders attached to the scanner’s rotating mirrors that deflect the emitted laser 
beam. (Abellan, et al: 2009; Boehler & Marbs: 2003; Ingensand: 2006).  
 
As also briefly mentioned above, the scanner records the degree of returned laser energy 
and assigns an intensity value to each point. This value is largely determined by the 
surface characteristics of the objects measured in combination with the existing ambient 
light conditions (Randall: 2013). Characteristics such as scanner to object distances, 
object moisture content and laser beam angle of incidence can also effect a measured 
pointes intensity value (Abellan, et al: 2009). These intensity values attached to each point 
within a single scan allow a greyscale viewing of the objects measured. An example of a 
single scan with intensity values shown as greyscale can be seen in Figure 2.3. 
 
Figure 2.3: Intensity values of a tunnel scan shown as greyscale 
Where the scanner has an inbuilt or attached high resolution camera, photographs can 
also be taken of the scanner’s field-of-view and a RGB colour value can then be assigned 
to each respective point recorded. Figure 2.4 shows a point cloud with RGB values. 
 
Figure 2.4: Point cloud with RGB values assigned 
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2.5  Scanning Field-work Theory 
 
TLS is not as simple as setting up the scanner, pushing a button and waiting for the results. 
The success of a laser scanning final deliverable is directly related to the quality of the 
field-work undertaken. It is important that certain field-work principles are followed to 
enhance the later data processing needed to extract usable data from the scanned data. 
 
The initial, foundational step is adequate pre-planning. The final deliverables agreed upon 
should be used as an underlying blueprint to determine areas to be scanned and level of 
detail (LOD) required for scan objects (Rajendra, et al: 2014). This, in turn, will allow 
the potential number and location of scanning stations as well as field-work times to be 
estimated. If possible, aerial imagery or previous survey plans should be consulted to plot 
acceptable control station positions to check / reference the final point cloud. Once on 
site, the scanner operator can confirm possible scanning positions and determine a basic 
scan path through the scanning environment that takes into account line-of-sight 
restrictions and desired scan overlap, especially for targetless processing (Yen, et al: 
2013). 
 
If the final data needs to be aligned to an already existing coordinate system sufficient 
control stations will need to be measured throughout the scan area. It has been estimated 
that this process can generally take anywhere from twenty to fifty percent of the total 
field-work time (Akca & Gruen: 2007). Any control points should be easily identifiable 
and evenly dispersed through the scanning environment and positioned within acceptable 
distances from proposed scan locations. 
 
For successful processing of traditional target-based scanning surveys, sufficient targets 
need to be easily identified within each individual, overlapping scan. Though ‘natural’ 
targets already existing in the scan area (i.e. corner points, planes, pipes, etc.) can be used 
to tie scans together, it is recommended by processing software developers that distinct 
survey targets, such as reflective spheres or black and white patterned planes, be used to 
more accurately register scans together (FARO: 2015). Sufficient targets should be placed 
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and be seen from at least two scanner locations. Any target visible only from one scanning 
location is useless for registration purposes. A minimum of three targets should be visible 
in overlapping scans, but the greater the amount of artificial targets, the better chance the 
processing software has of correctly aligning the scan data. Targets should not be placed 
symmetrically around the scanner or horizontally aligned, but should be placed at 
differing distances and elevations from the scanner. Scanner to target distance is also 
important. Plane-based black and white targets have an effective range of approximately 
fifteen metres and a significant loss of accuracy is realized if the angle of laser incidence 
from scanner to target is less than forty-five degrees. Smaller reflective spheres (i.e. 
diameter of ca. 140mm) will have a range usually no greater than eighteen meters. Larger 
reflective spheres (i.e. diameter of ca. 200mm) will have a range no greater than forty-
five meters in optimal conditions (FARO: 2015).  
 
Whether the ultimate scan registration be target-based or targetless, it is of vital 
importance that the final registered data be sufficiently checked to guarantee close 
alignment to real-world conditions. Error propagation can occur from scan to scan and 
check measurements, horizontally as well as vertically, are important to prove final 
accuracies achieved by a registration. Any TLS engagement should have quality control 
systems built in to the scanning workflow. From a field-work perspective this means 
taking check measurements evenly dispersed through the scan area using independent 
conventional measurement tools (Staiger: 2005; Randall: 2013).   
 
2.6  TLS Precision and Accuracy 
 
For the purpose of this paper, the definitions of precision and accuracy have been taken 
from the International Vocabulary of Metrology (VIM) found in the Joint Committee for 
Guides in Metrology (JCGM: 2012). 
 
Precision is defined as the “closeness of agreement between…measured quantity values 
obtained by replicate measurements on the same or similar objects”. 
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Accuracy is defined as the “closeness of agreement between a measured quantity and a 
true quantity value of a measurand”.   
 
Essentially, precision relates to the tightness of the grouping of measured points, whereas 
accuracy is based on whether a measured point reflects the true, real-world value it is 
supposed to represent. A group of measurements may be very precise and even visually 
aesthetic, but not aligned to existing conditions. This is one of the challenges for TLS.  
 
There is no doubt as to the precise nature of points measured by a laser scanner. The 
whole TLS system rests on the achievement of millimetre and sub-millimetre point 
densities. Manufacturer specifications regarding angular measurement intervals and point 
spacing at set distances are easily confirmed through experimentation.  The accuracy of 
point clouds, however, is a significant field of research (see especially Boehler & Marbs: 
2003; Kersten, et al: 2005; Staiger: 2005; Ingensand: 2006; Lichti & Licht: 2006; 
Mechelke, et al: 2007).  The starting challenge for point cloud accuracy is that 
experimentation undertaken in the above-mentioned literature contradicts manufacturer 
specifications for measured point accuracy. The issue lies as to when in the TLS process 
should accuracy be quantified. Manufacturer specifications take into account only the 
accuracy achieved by the instrument for a single scan, measured in laboratory conditions 
against highly reflective target surfaces. Such accuracies are not reproducible under 
normal scanning conditions and do not represent the additional challenges environmental, 
systematic, user and/or registration errors bring to quantifying final point cloud accuracy. 
Final accuracy, therefore, can only be determined on a case-by-case basis by comparing 
features within the final point cloud to known previously measured true values. 
 
It is true to say that the TLS system is a very precise mode of measurement. It is also true 
to say that potential measurement accuracy of the instrument used is high. What cannot 
be said, though, is that any final point cloud has an accuracy congruent with the stated 
accuracy of the calibrated instrument used. Final accuracy is not an isolated, laboratory-
tested value, but rather a combination of factors that may differ from scan to scan. From 
a TLS perspective accuracy fluctuates and can only be truly determined from the finished 
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product. Expected accuracies may be offered based on previous experiences, but 
quantifiable accuracies can only be given at the end of point cloud processing. 
 
2.7  TLS Error Sources 
 
TLS errors can fall into four broad categories: instrument errors, measurement errors, 
environmental errors and processing errors, each of which affect the overall accuracy of 
the final point cloud data. 
 
Instrument error: 
 
All optics-based measurement instruments contain systematic errors. Lichti and Licht 
(2006) isolated a total of nineteen instrument error sources in a phase-based scanner by 
testing multiple calibration sets over a twelve-month period.  Of the nineteen errors 
detected detected, eight relate to range, seven to horizontal direction and four to elevation 
angle (Lichti & Licht: 2006, p. 156). The key instrumental errors isolated include errors 
also associated with other optics-based instruments (i.e. total stations) such as range 
errors, collimation axis errors, trunnion axis errors, cyclic errors and vertical circle index 
errors. Other errors isolated included angle-encoder scale errors, instrument eccentricity 
errors, and wavelength errors.  
 
It is the goal of instrument calibration to rectify systematic errors to negate any effect on 
measured point accuracy, but in their study Lichti and Licht show, through repeated 
testing, that some errors were unable to be corrected in the calibration process. The most 
common of these non-rectifiable errors was an observed random bias in the home 
horizontal position of the instrument which in turn effects horizontal directions observed. 
It was theorized that the cause of this misalignment back to the scanner’s starting origin 
was the result of slight random eccentricities within the internal mechanism returning the 
scanner back to its origin point of zero degrees. Though the additional instrumental errors 
isolated are miniscule they can add a further potential inaccuracy to point measurement. 
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Measurement errors: 
 
Measurement errors are the most common errors affecting the final accuracies of a point 
cloud. Object size and reflectivity relate directly to the strength of the return signal 
emitted from a laser scanner and can affect the accuracy of the return value. The surface 
properties of an object—attributes such as roughness, lack of penetration of the laser 
beam, colour-based reflectivity, etc.—all effect the position recorded for a point on a 
surface (Zogg: 2008). Lichti & Harvey (2002) have experimented with surface reflectivity 
of numerous rock and construction materials with varied roughness and colour in order 
to quantify surface reflectivity. White surfaces offer the strongest reflectivity while darker 
surfaces consistently return weaker diffused signals to the scanner. Rough surfaces 
generally returned more accurate results than shiny ones. (see also Boehler & Marbs: 
2003) 
 
False observations are part of any point cloud. They can be caused by ‘noise’ within the 
scanning area (i.e. vehicles, pedestrians, object vibration, etc.) as well as reflected 
measurements (i.e. from mirrors, shiny surfaces, water, etc.). One type of false 
observation is a misrepresentation of the edge of a surface or object. Edge effect errors 
also diminish final point cloud accuracy. They occur when a point on the corner or edge 
of a surface is misaligned due to that point being observed at the edge of the light ray 
emitted by the scanner but understood by the scanner’s receiver to be measured at the 
centre of the light ray. This can result in objects within the point cloud appearing slightly 
larger or smaller than what they are. The scale of this potential error is related to the 
distance to the object measured, but can range from a fraction of a millimetre to multiple 
centimetres (Boehler & Marbs: 2003).  
 
A second type of false measurement is the ‘phantom point’ or ‘tail of comet’ error. This 
occurs on non-continuous objects and is most common with phase-based scanner. A false 
point is created when the laser beam partially measures one object as well as another 
object directly behind the closer object. The measurement is then observed by the 
scanner’s receiver as half-way between the two measured objects in the open space 
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between the two objects (Staiger: 2003). The following diagram shows the creation of 
false point P midway between points P1 and P2. 
 
 Figure 2.5: ‘Tail of Comet’ false point. (Staiger: 2003) 
 
A final key measurement error is the added ‘noise’ associated with decreased laser angle 
of incidence. Experiments undertaken by Mechelke et al (2007) with a scanner to object 
distance of ten meters show that measurements observed below an angle of incidence of 
forty-five degrees diminish the final accuracy of a point cloud. The main reason for this 
decrease in accuracy is the direct relationship between the shape / spot size of the laser 
beam and laser reflectivity at low non-perpendicular angles. The lower the angle of 
incidence in object measurement greater the risk of recorded points being longer than 
their true value. Mechelke’s experiments show that this error is more pronounced in 
phase-based scanners over time-of-flight scanners with errors of up to twelve millimetres 
observed at ten metres for angles of incidence between five and ten degrees (Michelke, 
et al: 2007, pp. 325-326).   
 
Environmental errors: 
 
Extremes in temperature and atmospheric conditions can be one cause of environmental 
errors. Temperature and atmospheric conditions, as with all optic-based instruments, can 
change the propagation speed of light. Over larger scanned distances accuracy diminishes 
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when measurements are taken outside normal scanner operating specifications, but for 
smaller distances these fluctuations in temperature are minimal (Boehler & Marbs: 2003). 
 
Interfering light radiation can also become a source of scanner environmental error. Laser 
light exists within a very limited frequency band and filters need to be applied to the 
emitted laser beam to minimise the effect of ambient light on range measurement. Though 
uncommon, if an illumination source (i.e. reflected sunlight or high-intensity artificial 
light) is greater than the filter applied to the laser beam, then ambient light can infiltrate 
the laser path resulting in distortion of observed points (Boehler & Marbs: 2003). 
 
Other environmental factors such as dust, steam, rain, heat and snow can also have a 
diminishing effect on final point cloud accuracy. 
 
Processing errors: 
 
The final broad error source classification are errors introduced into the final point cloud 
through post-processing. Registration algorithms introduce slight distortions within the 
point cloud as individual scans are translated and rotated based on a best fit of overlapping 
targets / objects. The quality of the data used in the registration processes will directly 
affect final accuracy with possible distortion of data anywhere from millimetre to multi-
centimetre level. Noise reducing and point density reducing filter algorithms can also 
inadvertently introduce errors into the final point cloud if disregarded points are actually 
a closer representation of a surface’s true value (Zogg: 2008). Geo-referencing a fully 
registered point cloud on to a known coordinate systems can also introduce additional 
tensions and distortions to the final presented data.  
 
Care must be taken in processing point cloud data that no undue reliance on a software’s 
internal quality control system occurs. The software user, who doesn’t necessarily know 
the software’s registration processes or background registration algorithms, generally 
relies on final quality control statistics reported in the software to guarantee a point clouds 
quality. This can be dangerous. The quality control statistics are only indicators of a final 
point cloud’s accuracy not a guarantee of its accuracy. For example, FARO Scene, a 
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common processing program, requires users to agree to terms and conditions in utilizing 
the software tools that significantly limit the liability of the software provider for the 
provision of inaccurate data. This is in spite of any favourable quality control statistics 
reported. The software is used on an as-is basis and no undue reliance on final processed 
data unsupported by additional quality control measures is warranted (FARO: 2015). It is 
envisaged that this limitation of use would be a requirement to be accepted in all point 
cloud processing software programs. 
 
Errors can be introduced all throughout the TLS workflow, beginning with uncorrected 
instrument errors, continuing through measurement errors affected by environmental 
errors and ending with processing errors. Usually the errors realized are in the sub-
millimetre to millimetre range but can none-the-less compound through the TLS 
workflow. 
 
2.8  Scanner Calibration 
 
Instrument calibration is an important foundation in the quality control systems of any 
surveying business. Calibration is defined by the International Vocabulary for Metrology 
(VIM) as an…  
“operation that, under specified conditions, in a first step, establishes a relation 
between the quantity values with measurement uncertainties provided by measurement 
standards and corresponding indications with associated measurement uncertainties and, 
in a second step, uses this information to establish a relation for obtaining a measurement 
result from an indication” (JCGM:2012). 
 
Essentially, through the process of calibration, the systematic errors within an instrument 
are identified and rectified by comparisons to extremely accurate known measurement 
values. 
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Presently, it is unknown to the general surveying public how scanner manufacturers 
calibrate their instruments. Each manufacturer generally requires instrument hardware to 
be calibrated annually ‘in-house’ and as such, there are no current industry-wide 
calibration standards or published results (Mechelke, et al: 2007; Zogg: 2008). This lack 
of standardization, combined with further calibration testing / investigation, has led to 
some researchers questioning the value of a calibration certificate (Boehler & Marbs: 
2003; Lichti & Licht: 2006). Of more value for hardware users, they propose, is the 
investigation of newly-calibrated instruments through a series of base-line tests to 
confirm scanner accuracy as a quality control measure. 
 
As stated in the preceding section on TLS error sources, a total of nineteen instrumental 
errors have been isolated in terrestrial laser scanners (Lichti & Licht: 2006). It is the goal 
of successful instrument calibration to quantify and correct these errors. Researchers 
debate whether all instrument errors can be systematically quantified. It is envisaged, 
though, that any minor instrumental errors not accounted for in the calibration process be 
considered extremely miniscule for the short ranges measured in most TLS survey 
scenarios.  
 
 
2.9  Registration Theory 
 
For most TLS applications scan objects will need to be measured from multiple scanning 
setups to ensure full coverage. The process of joining or ‘stitching’ these individual scans 
together into one common point cloud is known as registration.  
 
Each individual scan is co-ordinated locally based on the centre of the scan being the 
position where the emitted laser beam strikes the rotating mirror within the instrument. 
This point has a local co-ordinate of 0,0,0 for x,y,z. (FARO: 2015). In a scenario involving 
multiple scanning stations, the end result is a series of point clouds on separate local co-
ordinate systems that need to be aligned to allow any meaningful data extraction. These 
individual scans can only be joined together by finding sufficient correspondence one 
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scan to another. A minimum of three corresponding points, not on the same line, are 
required to compute the six rigid-body-transformation parameters needed to translate and 
rotate a secondary point cloud to a primary one. The greater the number of 
correspondences, in theory, the more accurate the registration process will become. Once 
potential correspondences have been identified, a least-square parameter adjustment is 
used to iteratively optimize the transformation parameters until the secondary point cloud 
is able to be joined to the primary one with minimal distortion. The process then repeats 
for the remaining scans (Abbas, et al: 2014, Kang & Zlatanova: 2007; Kang, et al: 2009). 
 
There are two key methods of finding correspondences between overlapping scan data. 
The traditional approach is to isolate targets in overlapping scan data to be used in the 
transformation. ‘Natural’ targets—such as well-defined points, objects or surfaces—can 
be used, but such an approach can be significantly time-consuming and relies upon user 
interpretation in that points have to be manually extracted from the point cloud data. A 
more accurate approach is to use artificial targets—such as highly reflective spheres or 
pattered black and white planes—to calculate the transformation between primary and 
secondary scans (FARO: 2015). Reference will be made in the following section 
concerning the algorithm used to extract correspondences from artificial targets.  
 
The benefits of target-based registration are that it’s a proven method offering high levels 
of accuracy and robustness. However, there can be drawbacks to the target-based 
approach. In certain scenarios it is not practical to place artificial targets. Some final 
deliverables may also require fully registered point clouds to represent the as-built 
environment free from artificial targets. The task of removing targets from the point cloud 
can become quite time-consuming. This has led to a more recent, emerging registration 
option where the only the overlapping scan data, free from targets isolated or placed, is 
used to create correspondences to align the scans (Theiler, et al: 2013). 
 
Targetless registration is divided into two key registration steps—coarse registration and 
fine registration. Determining the six rigid-body-transformation parameters using cloud 
to cloud registration can be computationally enormous based on cross-checking many 
million points in a primary scan to many million points in a secondary scan to find 
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matching correspondences. To minimize computation times, the two scans need to be 
coarsely aligned to drastically reduce the amount of potential point-to-point comparisons 
searched for. This coarse alignment, based on any number of methods, is the first step in 
targetless registration.  After coarse registration, a fine registration can begin and a least-
squares adjustment is iteratively initialized until convergence between the primary and 
secondary point cloud ensues and a new primary point cloud is created for further 
alignment (Abbas, et al; 2014). 
 
The following section gives greater detail on the major existing algorithms that can be 
used to register point cloud data. 
 
2.10  Existing Registration Algorithms 
 
The existing registration algorithms briefly described in this section fall into three key 
categories: foundational registration algorithms, target-based registration algorithms and 
targetless registration algorithms. 
 
Foundational Registration Algorithms: 
 
The Principal Component Analysis (PCA) algorithm is an early attempt at point cloud 
alignment, and its principles have been built upon in later targetless point cloud 
registration algorithms. To align two point clouds, a centroid for each point cloud is 
determined by averaging the coordinates of every point within the respective point cloud. 
The centroid coordinate is then subtracted from each point. The points that show the 
greatest difference to the centroid coordinate are then used, in combination with variance 
and co-variance matrices, to generate point-cloud vectors. The largest of these vectors are 
then used to determine a secondary point cloud’s rotational parameters to align the two 
point clouds. The secondary point cloud is then shifted to the primary point cloud by 
applying the difference between the two centroids to the points within the secondary point 
cloud. The greatest weakness discovered in the PCA algorithm is that only vector 
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alignment is used to register point clouds. The straight-line vector distances are not used 
to enhance the registration process. Consequently, data noise and decrease in point cloud 
densities can diminish alignment accuracy. (Bellekens, et al: 2014) 
 
The Singular Value Decomposition (SVD) algorithm seeks to meet the weakness of the 
PCA algorithm by using the Euclidean (straight-line) distances between corresponding 
points within two point clouds. Once point correspondences are available (i.e. following 
the PCA method) a least-squares adjustment is undertaken on the distances isolated to 
determine, more robustly, the translation parameters between the two centred point 
clouds. Once the more accurate rotation and shift has been determined, the secondary 
point cloud is aligned to the primary one. The downside to this algorithm is that each 
single Euclidean distance used is assumed by the algorithm to be true and correct which 
is not always the case when multiple vectors are formed and point outliers exist in the 
data. (Bellekens, et al: 2014) 
 
The Iterative Closest Point (ICP) algorithm was developed to improve upon the SVD 
algorithm by iteratively disregarding point cloud outliers.  The algorithm works on the 
assumption that within overlapping data (minus noise) there is a point within the 
secondary point cloud that corresponds the most accurately to a point within the primary 
point cloud. The goal is to find, through iteration, the point to point correspondence that 
minimizes the sum of the squared distances between the two points thus eventually 
achieving the most accurate translation parameters when processed with additional point 
to point matches. 
 
Figure 2.6: ICP approach for Euclidian distance matching. (Bellekens, et al: 2014, p. 9) 
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For any point in the primary point cloud all potential correspondences in the secondary 
point cloud are isolated. The proposed transformation parameters are calculated through 
the SVD algorithm described above and the sum of the squared distances is stored. The 
process is then repeated until the sum of the squared distances is minimized and the 
transformation parameters are found to agree with additional point to point 
correspondences. The general ICP workflow is visual depicted as follows: 
 
 
Figure 2.7: ICP workflow. (Bellekens, et al: 2014, p. 10) 
 
 As one could imagine, the computational time and hardware required for testing potential 
correspondences of up to millions of points (as in targetless registration) is extremely 
overwhelming for differently coordinated and rotated local point clouds. To significantly 
reduce computational times in line with existing hardware limitations, it is necessary for 
a good initial coarse alignment (usually within half a metre indoors and one metre 
outdoors. Theiler, et al: 2013) be calculated before the ICP process begins. This can be 
done either through user-interactive methods, such as identifying targets (natural or 
artificial) in the overlapping data, or secondary coarse registration algorithms (targetless 
algorithms) that seek to use the attributes of the data points to coarsely align the point 
clouds. Both methods work well in initially aligning the overlapping data to a level at 
which the finer ICP process can begin. (Bae & Lichti: 2004; Bellekens, et al: 2014; Abbas, 
et al: 2014; Akca & Gruen: 2005; Makadia, et al: 2006) 
 
The ICP algorithm is an extremely robust tool and forms the basis for the majority of 
modern registration algorithms as will be briefly described below. Enhancements of the 
ICP processing capabilities have been offered since its inception with one experimental 
option in particular worthy of note.  
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The Generalized Procrustes Analysis Iterative Closest Point (GPA-ICP) algorithm has 
been proposed to account for the need in the large majority of scanning scenarios of 
multiple individual point-clouds needing to be registered. For a scanning scenario 
involving only a small handful of scans the ICP framework is very effective. For multiple 
view-point registration, though, challenges arise. The most commonly used sequential 
registration pattern, whereby a secondary point cloud is joined to the primary point cloud 
to form a new primary point cloud that the next scan can join (and so on), has the greater 
risk of propagating errors along the registration path. This could be particularly 
detrimental to targetless scenarios with long scanning traverses. The GPA-ICP process 
seeks to be a global approach where, as a final process, all scans are processed 
simultaneously and all registration errors are spread evenly through the overlapping 
views. The algorithm borrows principles outlined in the PCA algorithm above. For each 
scan, every point that has a paired correspondence in any other scan is isolated and any 
unassigned points are discarded for registration estimation. A single point may have 
multiple corresponding points across several scans forming an independent set of 
common points with different local coordinates. A new point is created as the centroid of 
each independent set and its coordinates are applied to each corresponding point. Weights 
are then assigned to the centroid points based on number of correspondences. The 
transformation parameters are then estimated using multiple centroids and applied 
throughout the network. With each iteration, each centroid position (along with its related 
points) is updated until global convergence occurs and a single set of transformation 
parameters is applied to each point in every local point cloud to form one fully registered 
adjusted point cloud. (Toldo, et al: 2010)  
 
Target-based Registration Algorithms: 
 
Target-based registration is the traditional approach to point-cloud processing. It utilizes 
the principles of the SVD algorithm in combination with the least squares adjustment 
described in the ICP algorithm to determine the six body-rigid-transformation parameters 
needed to align and match overlapping local point clouds. The points (targets) isolated 
for the transformation calculation are extracted from the point cloud data by the user and 
can be already-existing ‘natural’ points / features or artificial targets placed within the 
scanning zone. Co-ordinates are extracted from these targets and are used align the data 
as described in the ICP algorithm above. 
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It is recommended by software developers (i.e. FARO: 2015) that artificial targets such 
as spheres or black and white printed patterns be used to give the most accurate target-
based registered results. The most common of these artificial targets is the scanning 
sphere. The spheres used in TLS are made of highly reflective material and have the 
benefit over plane-based targets of being visualized from all directions with line-of-sight 
to the sphere. A good description of a sphere-matching algorithm being used to ascertain 
starting coordinates for the registration algorithm is found in Bienert & Maas (2009, pp. 
93-95). Essentially, each scan point’s intensity level, ranked from zero to 255, is used to 
determine the potential presence of the sphere. A binary array is used with all points 
having an intensity level above 242 differentiated from the remaining points to form a 
binary image. This binary image is then search for a clustered circular area and targets 
are identified based on pre-determined sphere diameters. Once a sphere has been 
identified, the coordinate for the centre of the sphere is extracted and used in the 
registration. Multiple spheres, forming multiple base-lines, are then adjusted using the 
ICP framework and the transformation parameters applied. 
 
Black and white patterned targets operate in a similar fashion. A predetermined template 
is searched in the binary image with matches based on the intersection of the black and 
white pattern. A coordinate is assigned to this intersection point and included in the 
registration process as described immediately above. (FARO: 2015; Akca: 2003) 
 
Targetless Registration Algorithms: 
 
Compared with the relatively minimal amount of points extracted using target-based 
methodologies, utilizing the potentially millions of overlapping points in separate point 
clouds to isolate correspondences and register scans should, in theory, offer greater 
accuracies.  One of the key challenges to target-based registration is the level of user input 
required for point cloud registration. This can also be a challenge for targetless 
registration which is also based on ICP methodologies. As stated above, the primary and 
secondary point clouds need to be coarsely aligned for the ICP algorithm to function as 
intended. How to get two independent point clouds to the stage where the ICP process is 
successful is the purpose of most recent targetless registration algorithms. The goal is the 
same—to use attributes within the data set to coarsely align, with no user input, two 
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individual point clouds so the ICP algorithm can be initialized. What follows is a brief 
description of some of the key existing coarse alignment algorithms. 
 
Plane-based matching algorithms, sometimes referred to as Generalized ICP algorithms, 
have been proposed for areas dominated by planer structures such as most modern urban 
environments. Planes are generated by grouping co-planer data points based on set 
thresholds within each individual point cloud. An exhaustive search is made to find 
matching planes between data sets. For each possible match, provisional transformation 
parameters are computed and the number of secondary matches between the remaining 
planes is counted. This process is completed until the highest count of matches is found 
and the initial transformation parameters are applied to the secondary point cloud. This 
plane-based coarse registration is then used as the starting point for the finer ICP process 
(von Hansen: 2006; Bellekens, et al: 2014). The plane-based matching algorithm is a 
common feature in modern software packages and forms the basis of the coarse alignment 
for the targetless registration that was used in FARO Scene, Trimble Realworks and 
Autodesk Recap in this project.  
 
Three dimensional surface matching using 3D boxing is another proposed coarse 
registration algorithm. Each local point cloud is divided into multiple adjacent cuboids 
that will be searched for pre-defined surface templates. Once a grouping of points 
matching a template is isolated, the cuboids immediately adjacent are examined, one-by-
one, to determine the extent of the matched surface. Once a surface has been determine 
the relevant cuboids are stored. This process continues for each scan. Coarse registration 
is created by a best-fit alignment of the stored cuboids and the ICP algorithm is then 
initialised (Akca & Gruen: 2005; Akca & Gruen: 2007). 
 
Another coarse registration algorithm uses two-dimensional panoramic reflectance 
images created the from three-dimensional scan data. Intensity data is stored for every 
point measured by terrestrial laser scanners. This data can then be viewed in raster format 
as an intensity image. The intensity value assigned to each pixel and the spatial 
relationship between adjacent pixels is used to find correspondences between two 
overlapping reflectance images and coarsely align the scan data (Kang, et al: 2009; Bohm 
& Becker: 2007). 
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An algorithm that uses geometric primitives and neighbourhood searches is another 
method to coarsely align overlapping scan data. Three-dimensional geometric 
primitives—cubes, pyramids, spheres, cylinders, etc.—are the basic solids that make up 
larger three-dimensional objects. Changes in basic geometric primitives can be used to 
determine surfaces in a point cloud that each contain a ‘neighbourhood’ of points 
expressed as normal vectors. Using input threshold levels, comparisons are made between 
points in the primary point cloud and a neighbourhood of points determined by geometric 
primitives and associated normal vectors in a secondary point cloud. The algorithm runs 
iteratively until the registration error between a primary point and its secondary 
neighbourhood is minimized (Bae & Lichti: 2004). 
 
A final coarse registration algorithm isolated is the Keypoint-based 4-Point Congruent 
Sets (K-4PCS) algorithm. A major challenge in coarsely aligning data with long baselines 
is the progressive lowering of point density the further a surface is away from the scanner. 
This petering out effect can lead to a bias toward surfaces closer to the scanner and so 
increase potential error sources at the extremities of the scan data where most of the 
overlap exists. To combat this, each local point cloud is divided into a regular three-
dimensional grid. The points within each grid are averaged and a new centroid point is 
created to represent the points within the grid. Using a noise-reducing, edge enhancement 
tool known as the Difference of-Gaussians (DoG) detector, stable keypoints are extracted 
from the centroids based on set thresholds. Four co-planer keypoints can then be used to 
form a base set, the diagonals of which intersect to create a secondary point. This creation 
of secondary points is continued, where practical, throughout the entire scan creating a 
significantly reduced point cloud for computational purposes. The secondary points are 
then used with a coarse ICP algorithm to ascertain an initial alignment. Once initial 
alignment is calculated all the original scan data is then used for a fine ICP registration 
(Theiler, et al: 2013). The workflow of the K-4PCS algorithm is depicted as follows:  
 
Figure 2.8: K-4PCS workflow. (Theiler, et al: 2013, p. 284) 
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2.11  Point Cloud Level of Detail (LOD) 
 
The extremely precise nature of TLS can lead to very high point cloud densities achieved 
for objects scanned. As time is finite, decisions have to be made as to the level of 
measured data acceptable to effectively represent an object. This is largely determined by 
the final deliverable specified by the client, but is essentially a measure of the Level of 
Detail (LOD) required to successfully complete a scanning survey. For this paper, as in 
the literature surveyed, Level of Detail, Level of Development and Level of Definition 
are used interchangeably as referring to a ranking system of desired point densities based 
on end-use requirements (Odeh: 2011; Randall: 2013; Evolve: 2015; Akmalia, et al: 2014; 
Van: 2008). 
 
LOD will have a direct impact on scanning field-work with higher LOD deliverables 
requiring greater scan times to achieve desired data extraction. For example, time-frames 
will vary based on whether or not ornate column details or finer cornice data of a 
Victorian-era façade are needed in a scanning survey. To under-scan will lead to lack of 
presentable data and potential client complaints. To over-scan will lead to overly 
redundant data and lower profit margins. LOD is a mechanism that safeguards both the 
client and the scanning professional as well as any future use of the extracted data.  
 
Unfortunately, there are no international standards for the classification levels of LOD, a 
problem that is intensified by the fact that the United States (LOD 100 – 500) and the 
United Kingdom (LOD 1 – 7) have different means of classifying detail levels. Any 
system can be used from a scanning perspective, but clear communication of client 
expectation and future use of the data will determine LOD scanning requirements. Evolve 
Consultancy (2015) gives a beneficial visual depiction of both US and UK LOD rankings 
shown together for ease of reference. They are as follows: 
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UK LOD 1: Data shown/used for project brief purposes with a basic 
model, in block form, showing overall performance requirements 
and site constraints 
 
 
UK LOD 2, US LOD 100: Data shown/used for conceptual     
representation only and used to determine basic size, area, volumes, 
costs, etc. 
 
 
UK LOD 3, US LOD 200: Data shown/used for generalized systems 
to be enacted giving approximate quantities, shapes, locations, etc. 
 
 
UK LOD 4, US LOD 300: Data shown/used for pre-construction 
design purposes with individual elements accurately placed suitable 
for cost estimation and construction compliance. 
 
 
UK LOD 5, US LOD 400: Data is predominantly shown/used for 
installation purposes giving an accurate model for specific building 
components including accurate shape and geometry 
 
UK LOD 6, US LOD 500: An as-built model that shows the finished 
constructed object suitable for ongoing management/maintenance 
UK LOD 7: As-built asset information model (i.e. BIM) suitable for 
maintenance and asset management. 
 
Figure 2.9: UK & US LOD rankings (Evolve: 2015) 
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LOD is typically related to architectural design or Building Information Modelling 
(BIM), but is a useful tool for TLS professionals in determining a project’s final 
deliverable, potential scan times/stations needed and overall point-cloud densities 
required. A useful way for surveying professionals to visualize the LOD rankings is think 
about the level of information displayed in various map scales. The data shown on a 
1:100,000 plan will be different to the data shown on a 1:100 or 1:50 plan. They both 
display useful information, but the intention of each map scale and the data shown is for 
different purposes. LOD works in much the same way (Evolve: 2015). 
 
TLS is usually employed for the later levels of both the UK and US LOD categories and 
is predominantly for as-built recording or to facilitate accurate architectural design 
models. Based on the high level of precision and potential point-cloud density, TLS can 
also be used to generate multi-LOD models that take into account the various 
requirements for each LOD ranking (Akmalia, et al: 2014). Of course, this comes with 
the provision that data recorded at lower LOD ranking not be extrapolated to facilitate 
higher LOD requirements.  
 
Every TLS scenario is different with its own unique set of parameters and goals. Early 
communication between the scanning professional and the client is essential to agreeing 
upon LOD requirements to successfully meet project deliverables (Randall: 2013). A high 
level of importance should be given to discerning the future use of the data as well as any 
potential situations where higher LOD may be required. Not only will this minimise the 
risk of unintended data use, but any further procurement of services for data extraction at 
differing LOD will allow increased business profitability.  
 
2.12  TLS Applications 
 
The high levels of accuracy, precision and point densities associated with TLS, as 
compared to conventional measurement modes, allows varied use for data measured 
across an increasing number of scenarios. The following list shows some of the known 
TLS applications from a surveying perspective: 
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 Building Information Models—BIM (Randall: 2013) 
 Topographic surveys (Luh, et al: 2014, Yen, et al: 2013) 
 Archaeology / heritage mapping (Devlin & Shaw: 2013; Holden, et al: 2010) 
 Crime scene / forensic investigation (FARO: 2010) 
 Façade surveys (Holden, et al: 2010, Runne, et al: 2001) 
 Forestry (Biener & Maas: 2009) 
 Subterranean investigation (Staiger: 2011) 
 Virtual tourism (Holden, et al: 2010) 
 Deformation monitoring (Abbas, et al: 2014; Abellan, et al: 2009, Zogg: 2008) 
 Volumetric analysis (FARO: 2015) 
 
2.13  Conclusion 
 
This chapter has sought to give the reader a basic foundational understanding of the 
principles and uses of TLS. It is anticipated that this background knowledge will become 
useful throughout the remainder of this paper as the accuracy of the emerging targetless 
point cloud registration tool is tested across six survey-scanning scenarios. 
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CHAPTER 3 
 
SCANNING SCENARIOS AND FIELDWORK 
 
3.1 Introduction 
 
This chapter briefly describes the key resources utilized and the relevant fieldwork 
involved in each scanning scenario listed in Chapter 1. Each scenario’s desired final 
deliverable will be noted. Mention will be made to scanning times as well as the 
placement of control points throughout each scanning traverse. Special mention will also 
be made concerning some of the key challenges associated with each scanning scenario. 
 
3.2 Key resources utilized 
 
The terrestrial laser scanner used for the project is the Trimble TX-5 laser scanner and 
belongs to the author’s employer.  
 
 
Figure 3.1: Trimble TX-5 Terrestrial Laser Scanner 
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Based on the datasheet supplied with the scanner, the Trimble TX-5 is phase-shift scanner 
capable for both indoor and outdoor scanning with a range from 0.6m to 120m. Individual 
scan times are based on pre-determined software templates within the laser scanner 
ranging from approximately three minutes per scan for close-range indoor scanning to 
approximately eleven minutes per scan for long-range outdoor scanning using the default 
resolution and quality settings. The TX-5 is capable of measuring up to 976,000 points 
per second resulting in densely recorded point clouds for data/feature extraction. The 
scanner captures colour through the use of a 70 megapixel camera. The laser scanner used 
in the project has been calibrated under a manufacturer maintenance agreement and the 
calibration certificate is found in Appendix B. 
 
Reflective spheres and printed checkerboards were used in each scenario with two sizes 
 
 
Figure 3.2: 200mm diameter sphere on tripod 
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of FARO reflective spheres utilized. The larger sphere—200mm in diameter—has greater 
distance reflectivity capabilities generally up to approximately thirty-five meters and is 
suitable for longer indoor scans or generic outdoor scanning scenarios. The smaller 
sphere—139mm in diameter—has a distance reflectivity up to approximately eighteen 
meters and is suited for short range indoor and outdoor scanning. Checkerboards were 
used in one of the indoor scanning scenarios. Based on reflective intensity differences 
between the intersecting light and dark squares, tie-in points at the centre of each 
checkerboard are easily identified in the scanning software regardless of whether the point 
clouds are colourized or shown only in greyscale. 
 
 
           Figure 3.3: 139mm diameter sphere                     Figure 3.4: Printed checkerboard  
 
As referenced above, three common point cloud processing software programs were used 
to complete this dissertation. The author’s employer has software licenses for FARO 
Scene 5.4, Trimble Realworks 8.1 and Autodesk Recap 2016. All six scanning scenarios 
were run through each of the three packages utilizing both the target-based and targetless 
registration processing tools within the software packages. 
 
                     
Figure 3.5: Point cloud processing packages 
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3.3  Heritage facade scan 
 
The first subject site is a large, heritage-listed town hall in the Victorian Goldfields. Due 
to the age of the building, certain portions of the facade show signs of weathering and 
will need future attention. The final deliverable was a series of elevations as well as the 
future possibility of a point cloud being supplied to allow engineers the data to design and 
retro-fit replacement features of the weathered sections of the facade. 
 
                
               Figure 3.6: Heritage Town Hall (rear)                Figure 3.7: Heritage Town Hall (front) 
 
 
Figure 3.8: Heritage Town Hall (side view) 
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The survey was completed in sixty-four scans over two days. The scanning traverse 
formed a closed loop ending with Scan 64 overlapping Scan 1 utilizing the same target 
stations. This was done as a quality control measure ensuring a checkable closed traverse. 
A control network of six stations positioned evenly around the facade was measured using 
a Trimble S-8 Total station. 200mm spheres were set up over these surveyed marks with 
target heights measured to determine a sphere reduced level for registration comparisons. 
 
The greatest challenge of the survey was the LOD required along each façade. The 
required deliverables necessitated higher levels of detail around the existing ornate 
columns and cornicing which led to greater scanning times. 
 
 3.4  Quarry plant / conveyor system scan 
 
The subject site is a concrete processing plant situated in Melbourne’s inner western 
suburbs. A re-design of the conveyor and storage systems was needed by the client. The 
deliverables desired by the client were 3-D AutoCAD line-work and solids of the 
conveyors, beams and storage facilities. Engineers will be engaged by the client to use 
the supplied 3-D solids / lines to re-design the conveyor flow lines to improve 
productivity. 
 
 
Figure 3.9: Processing Plant (east side) 
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Figure 3.10: Processing Plant (north side) 
 
The scanning was completed with thirty-one scans over an extended day. As a finished 
point cloud model was not required as a final deliverable, the scanning was done in 
greyscale. The scanning was completed as a closed loop traverse. A network of seven 
control stations was measured using either a Trimble S-8 total station or Trimble R-10 
GNSS where traversing was not practical. Throughout the scanning traverse 200mm 
spheres were set up over these control marks and target heights were measured for 
registration comparisons. 
 
A major constraint of the scanning survey was that the processing plant and conveyor 
systems were required to remain operational during the survey. The site was extremely 
busy with concrete trucks, loaders and excavators constantly moving throughout the 
survey zone. From an OH&S perspective this restricted the positions to safely set up the 
scanner and scanning targets which in turn led to increased distances between scanner 
setups. 
 
3.5  Floor plan scan 
 
The survey zone is the lower ground floor of a hospital in Melbourne’s northern suburbs. 
The lower ground floor consists of a staff lunch room, offices and facilities. The hospital 
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is undergoing a major renovation and the architects engaged by the client desired a lower 
ground floor plan to draft re-design proposals that take into account existing traffic areas 
as well as structural walls and columns supporting the upper floors. The final deliverable 
was a 2-D floor plan with the possibility of a reflected ceiling plan to follow.  
 
 
Figure 3.11: Staff Lunch Room 
 
 
  
            Figure 3.12:  High Traffic Corridor                          Figure 3.13: Doctor’s Sleeping Room 
 
The survey was completed in forty-five scans in an open-ended traverse. Previous testing 
by the author of another earlier open-ended scanning traverse for a floor plan yielded un-
trustworthy results where it would seem errors between scans, though small, propagate 
along the traverse. To quantify any possible error propagation care was made to place 
control points at the start, middle and end of the open traverse to confirm the accuracy of 
the registered point cloud. The artificial targets placed throughout the survey zone 
consisted of both spheres and checkerboards and several of these targets were measured 
with a Trimble S-8 total station to check registration results. Significant levels of ‘noise’ 
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were present within the scanning data resulting from the consistent pedestrian traffic 
throughout the survey zone. 
 
3.6  Tunnel scan 
 
The survey zone consisted of a ground level kiln tunnel of a heritage-listed brickworks 
facility in Adelaide. The vaulted roof of the kiln tunnel has become quite uneven through 
the decades and an engineering firm has been engaged to offer proposals of development 
and structural management of the entire site. The deliverables to be given to the 
engineering firm were a 2-D floor plan showing floor levels along and around the tunnel, 
2-D cross-sections at specified chainages along the tunnel to show vault deformation and 
a 3-D point cloud model for future data extraction as needed. 
 
 
Figure 3.14: Kiln Tunnel Curve 
 
 
Figure 3.15: Kiln Tunnel Straight 
 
39 
 
 
The survey was completed in forty-five scans in a closed loop traverse over approximately 
four hours. Due to the dark conditions of the kiln tunnel, the scan was done without colour 
capture and the point cloud will be shown in greyscale. A challenge realized in the 
targetless registration is that the scans, especially along the straight lines, are quite similar 
in appearance with tunnel entrances at equal distances along the tunnel straights. Five 
survey marks were placed throughout the kiln tunnel and measured using a Trimble S-8 
to confirm the registration results. 200mm spheres were set up over the control marks and 
target heights taken to determine sphere reduced levels for comparisons. 
 
3.7  Commercial roof scan 
 
The survey site is the roof of a supermarket poised for re-development in Melbourne’s 
south-east. The deliverable required by the client was a 2-D roof plan showing roof 
furniture such as access points, air-conditioning units, vents, skylights, roof drains and 
downpipes. The client may also require, at a future date, a point cloud of the whole roof 
area for design purposes. 
 
 
Figure 3.16: Roof (South-western side) 
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          Figure 3.17: Roof (South-eastern side)          Figure 3.18: Roof Air-conditioning units                  
 
The survey was completed in forty-seven scans completed over an extended day’s survey. 
The scanning traverse was open ended and a major challenge existed in regards to the 
differing roof levels within the scan area. Another challenge concerned the placement of 
survey control points within the survey zone. It was not practical to traverse with a total 
station on the roof due to the corrugated iron surface. It was decided to place four control 
points around the base of the building that could be visible when the scanner was setup 
approximately two meters in from the roof edge. The survey stations were measured with 
a Trimble S-8 total station. During the ground-level traverse, five additional stations 
placed at the roof corners were measured remotely. These stations combined gave a good 
datum over differing roof levels for comparisons to the registration results. 
 
3.8  Wharf monitor scan 
 
The final survey site is a wharf area at Port Melbourne. It was the client’s request to 
determine whether the wharf is sinking. The final deliverable was a 2-D plan showing 
colour-coded vertical displacement contours over a ten centimetre grid for the length of 
the wharf. The results will be compared to previous and subsequent regular surveys to 
monitor possible movement. 
  
             Figure 3.19: Wharf (North View)                             Figure 3.20: Wharf (South View) 
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Figure 3.21: Wharf (Mid View) 
 
The survey was completed in thirteen scans forming an open-ended traverse of 
approximately 150m. The survey zone was relatively narrow and consisted of a similar 
surface and docking points along the length of the wharf. Ten control stations were 
measured with a Trimble S-8 total station and included within the scanning traverse for 
post-registration checks. 
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CHAPTER 4 
 
PROCESSING METHODOLOGY 
4.1  Introduction 
 
This chapter describes the basic methodology and steps used in completing this 
dissertation ranging from the initial fieldwork to the offering of conclusions and 
recommendations regarding the viability and achieved accuracy of targetless registration 
for each of the real-world scanning scenarios described in Chapter 3. 
 
4.2   Fieldwork 
 
Upon engagement by the client the necessary pre-job tasks were undertaken to better 
stream-line the required fieldwork. Additional resources were obtained such as site aerial 
imagery, previous relevant surveys, etc. to aid in the planning stages. Potential scanner 
set-ups were identified based on the client’s desired final deliverables and required LOD 
to give an idea of potential survey time-frames and possible scanning challenges. 
Potential control station positions were also tentatively chosen to be later confirmed on 
site to allow a sufficient amount of redundant checks of the final registered point cloud. 
 
The author of this dissertation is committed to safe-work practices and has undertaken 
the field-work required for this project in a way that considered the safety of both the 
author and the public. This is especially pertinent considering the use of a Class B laser 
light in object measurement. Minimum exclusion zones and warning signs were used to 
limit direct public exposure to laser radiation. Based on the scenarios chosen, care was 
taken to maintain safe working environments, adequate distances from unguarded edges 
greater than two meters in height, adequate traffic/surveyor separation distances, safe 
manual handling requirements as well as the use of correct Personal Protective Equipment 
(PPE) as needed. Attention was placed on successful risk assessment taking into account 
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the concepts of likelihood and consequence in the risk identification process. Appendix 
C shows the Safe Working Method Statement (SWMS) used by the author for the field-
work undertaken. 
 
Once the relevant OH&S procedures were undertaken on site, a control survey using 
traditional total-station traverse methods was undertaken. Care was taken, as much as was 
possible, to place stable control stations evenly throughout the scanning zone away from 
high traffic areas. It was these control stations that formed the initial comparisons for a 
check of both the target-based and targetless registered point-clouds. In one of the 
scenarios it was not possible to link two ends of the required control network with a total-
station traverse. In that instance, GNSS measurements were used to link the two total-
station traverses into a single control network.  The GNSS measurements were 
remeasured following the scanning survey to confirm positional accuracy. As a best-
practice principle several total station check measurements were taken of easily 
identifiable objects throughout the scanning area. This allowed for key checks to be 
undertaken against the final deliverables before the passing on of any data to the client. 
 
Upon completion of the control survey, artificial targets were placed throughout the 
survey area with care taken to not exceed the optimum target reflectance distance from 
the scanner. Spherical targets that were placed over the previously measured control 
points were levelled over the mark using a tripod and tribrach adapter. A target height 
was taken to the base of the sphere and the required offset was noted to determine the 
centre of sphere reduced level for future comparisons. 
 
The pre-installed scanning templates within the Trimble TX-5 were utilized for each 
scanning scenario. The templates are based on whether the scanning is indoor or outdoor 
as well as the existing scanner to object distance. For the indoor scans the predominant 
template used was the sub ten meter option with a scan time of approximately three 
minutes using 1/4 Resolution and 4x Quality. For outdoor scans the predominant template 
used was the plus twenty meter option with a scan time of approximately eleven minutes 
again using 1/4 Resolution and 4x Quality. 
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The scanner was set up and levelled at each scanner position with care taken to align each 
scan’s origin away from the objects of interest while making sure the origin line doesn’t 
dissect any artificial target. In each scenario the scanning traverse was undertaken with 
the required amount of target and object overlap in mind. Where practical, a closed-loop 
scanning traverse was completed with the final scan overlapping both the targets and 
scanned objects visible in the initial scan. This was done as a best-practice method to 
allow any registration process the greatest opportunity of accurately portraying the real-
world conditions free from any potentially increasing horizontal and/or vertical 
displacement along the scan path.  
 
4.3   Pre-processing scans 
 
Upon completion of the scanning for each scenario, pre-processing was undertaken on 
each raw scan in anticipation of input into each of the three processing software programs 
under investigation—FARO Scene 5.4, Trimble Realworks 8.1 and Autodesk Recap 
2016. Where colour data was measured, the raw data FLS files were colourized. A 
separate copy of each FLS file was made for the targetless processing and the targets 
within each of these copied scans was manually cut out of each of the raw FLS files. 
Targets were removed from all of the one hundred and forty-five scans.  
 
             
      Figure 4.1: Tunnel—Targets remaining                         Figure 4.2: Tunnel—Targets Removed 
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                  Figure 4.3: Target Remaining                                   Figure 4.4: Target Removed 
 
A scanning environment free from artificial targes forms the basis of targetless 
registration, so it was believed necessary to remove the artificial targets from the raw scan 
data. This was a painstaking task amounting to around twenty hours of pre-processing, 
but required to truly compare like for like within the processing software. That is, for each 
scenario across each processing software, identical raw data recorded from identical 
scanner positions was used in both registration processes. Wherever scanning stations 
were within close proximity to a pre-determined control point, one scan was chosen in 
which to leave the single target over the control point for later registration comparisons. 
 
4.4   Point-cloud registration 
 
The original FLS files, with the targets remaining, were imported into each processing 
software to be registered together. The first step was to identify the artificial targets 
(spheres and checkerboards) within each overlapping scan. Both FARO Scene 5.4 and 
Trimble Realworks 8.1 have the processing option of automatic sphere and checkerboard 
extraction, and these tools were used as a time-saving measure.  
 
From an ease of use perspective FARO Scene was the far superior software package for 
automatic artificial target recognition. FARO Scene allows the input of several sphere 
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diameters for searching within the scan data. It is common practice in scanning surveys 
to use different size spheres to give the point cloud correspondences an added randomness 
which in turn assists the registration algorithm. FARO Scene also allows the artificial 
target extraction to be undertaken as a distinct step from the registration tool. This permits 
the user to confirm that the artificial target extraction is correct and if needed to add 
natural targets from the scan data to assist the registration process.  
 
Alternatively, Trimble Realworks allows only one sphere diameter to be searched for in 
the scan data at a time. Realworks also combines the sphere extraction and registration 
tool in a single process which can lead to additional tensions and errors existing in the 
registration process where wrong sphere diameters are assigned to the wrong spheres. If 
the scanning survey has used different size spheres in use, as is the case for the scanning 
surveys described in this project, the automatic extraction and registration tool in 
Realworks has be executed at least twice adding to processing times—one time to search 
for 200mm diameter spheres and another to additionally search for the 139mm diameter 
spheres.   
 
Autodesk Recap is far less advanced than both FARO Scene and Trimble Realworks in 
that each artificial target within each scan has to be manually identified with 
corresponding target names from scan to scan. This significantly adds to scan processing 
times.  
 
In the case of FARO Scene and Trimble Realworks it was important to quickly check the 
target extraction data visually from scan to scan to confirm that the correct sphere 
diameters are assigned to the corresponding spheres. It is not unusual that the searching 
algorithm in both FARO Scene and Trimble Realworks assigns the wrong sphere 
diameter to a small number of targets which, in turn, can lead to the possibility of 
additional scan to scan tension / distortion being introduced into the combined scan data. 
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                                Figure 4.5:                                                                    Figure 4.6:  
           Incorrect Sphere Detection – 200mm                        Incorrect Sphere Detection – 139mm 
 
Upon checks of the artificial targets identified, the registration tool was used within each 
software package to join the scans into a common point cloud. If necessary, targets were 
added, deleted, or edited as required. As far as possible the software’s default registration 
settings were used. Where certain settings seemed to degrade the registration result the 
settings were edited. For example, the level fluctuation of the expanding corrugated iron 
in the commercial roof survey accompanied by the apparent movement of the roof when 
walking toward/away from the scanner, led to the decision to disable the inclometer 
setting in that registration process. After any necessary minor edits the final result was a 
combined registered point cloud that passed the software’s quality control parameters. 
This process was repeated across all six scanning scenarios. 
 
Each scanning scenario was also registered using the targetless registration method. The 
edited FLS files, with the targets removed, were also imported into each of the processing 
packages for point cloud alignment. The author followed each software’s recommended 
registration steps for targetless registration.  
 
In both FARO Scene and Trimble Realworks it is recommended that a coarse top-view 
registration tool be used first to obtain a rough alignment. If the coarse registration 
alignment is acceptable then a second finer registration tool can be initialized to use all 
the overlapping cloud to cloud data to accurately register the scans. These 
recommendations were followed while using each software’s default settings for 
targetless registration. Where a coarse alignment was clearly wrong, even if the 
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registration passed the software’s error identification tools, individual scans were 
manually, coarsely aligned and the finer registration step then executed. In some cases, 
several clusters of scans aligned within themselves needed to be manually joined together, 
one cluster to another, before the finer registration tool was utilized.  
 
In Autodesk Recap, the software seeks to define a single cluster using the overlapping 
data in each scan. Often several independent clusters are identified and the user is able to 
use a plane-picking identification tool to encourage the software to accurately align 
cluster to cluster or scan to scan. This method was used until all the individual scans were 
aligned in one common point cloud.  
 
Each scenario was passed through all three of the software packages tested until each 
targetless registration passed the relevant software’s quality control measures and the 
single aligned point cloud appeared visually correct. 
 
4.5   Initial results 
 
Upon successful registration across all the scenarios tested, the co-ordinates of the centres 
of each control sphere and flat target were extracted and imported into Microsoft Excel 
for comparison computations. A spreadsheet was created that determined both the 
horizontal distances and height difference between each control station. Each initial total 
station datum point was input into the spreadsheet and the results tabulated. Each 
corresponding target-based registration control point was also input into the spreadsheet 
as was each targetless registration control point. The tabulated results give initial 
comparisons between each of the processing methods across each software package. A 
further table was created whereby horizontal distance and height difference deltas, as 
compared to the total station datum, can be easily represented and significant differences 
identified. 
 
 
 
48 
 
4.6   Aligned co-ordinated comparisons 
 
As surveyors deal largely with coordinates and coordinate differences, a further step was 
embarked upon whereby all the tabulated extracted data was compared using a common 
control point and alignment based on the initial total station control survey. An additional 
spreadsheet was created for each method across each scenario to graphically show how 
the coordinates of each of the control targets differs from the original survey. These 
coordinated results clearly show the effectiveness of both target-based and targetless 
registration in each real-world scenario and allow certain conclusions and 
recommendations to be drawn. Pie charts were also created to shown quantitative 
comparisons to the original total-station control points. 
 
4.7   Conclusions and recommendations 
 
The final process undertaken by the author was to arrive at a conclusion regarding the 
effectiveness of targetless registration in accurately portraying real-world conditions. As 
a final computational step, further charts were created by the author to visually show the 
degree of difference between the original control datum, the extracted target-based 
registered data and the extracted targetless registered data across all six scanning 
scenarios as well as across each of the three processing packages utilized. With the 
support of the results achieved final implications, recommendations and future research 
options can be identified to further benefit the spatial industry. 
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CHAPTER 5 
 
REGISTRATION RESULTS AND INITIAL DATA 
COMPARISONS 
 
5.1 Introduction 
 
This chapter gives the initial results for each scanning scenario comparing the accuracy 
of both target-based and targetless registration techniques to a control datum. In each 
scenario the registration results will be noted. For target-based registration attention will 
be given to target tensions—the displacement between identical targets seen from 
different scan positions / point clouds—as well as to scan tensions—the overall point 
cloud displacement for overlapping data from one scan / point cloud to the next. For 
targetless registration attention will also be given to the tension between the scans. The 
percentage of overlapping points used in the registration will also be noted.  Finally, 
comparative tables showing horizontal and height-difference deltas between control 
stations will be given for each scenario. 
 
5.2  Heritage facade scan 
 
Target-based: Sixty-four scans containing a total of thirty-four artificial targets were 
processed through each of the three software packages. The automatic sphere 
identification tools were used for FARO Scene and Trimble Realworks. For Autodesk 
Recap artificial targets were isolated manually. The final, registered tensions are tabulated 
as follows: 
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FARO Scene  
Target-based 
Mean Minimum Maximum 
Scan Tensions 1.8mm 0.9mm 3.3mm 
Target Tensions 1.8mm 0.0mm 16.3mm 
Table 5.1: Heritage facade scan—FARO Scene target-based tensions 
 
Trimble Realworks 
Target-based 
Mean Minimum Maximum 
Scan Tensions 2.0mm 1.0mm 4.0mm 
Target Tensions 2.0mm 0.0mm 8.0mm 
Table 5.2: Heritage facade scan—Trimble Realworks target-based tensions 
 
Autodesk Recap 
Target-based 
Mean Minimum Maximum 
Scan Tensions 2.2mm 1.0mm 8.3mm 
Target Tensions 2.0mm 0.0mm 26.1mm 
Table 5.3: Heritage facade scan—Autodesk Recap target-based tensions 
 
Targetless: Each software’s recommended registration steps were followed. In both 
Scene and Realworks a coarse alignment was undertaken predominantly using a top-view 
approach. Where the coarse alignment was wrong or certain scans were unable to be 
placed in relation to other scans, the relevant scans were manually aligned. Both Scene 
and Realworks struggled with the scans taken on the façade’s balconies due to the low 
scan overlap. In Recap ten clusters were created from the scans that required manual 
alignment to join the end of one cluster to the start of the next. Recap struggled to align 
certain portions of the façade due to the consistently reoccurring nature of the façade with 
columns and window panelling at regular intervals. Figure 5.1 shows Recap’s initial 
attempt to align the scans around the North-western façade. Where there is only supposed 
to be one clock tower and a secondary flag tower, Recap’s alignment of the scans gives 
two clock towers and two secondary towers. This duplication was corrected through 
manual alignment. 
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Figure 5.1: Heritage facade scan—Recap duplication of towers 
 
The final, registered targetless scan tensions and point cloud overlap as supplied by each 
software’s quality report are tabulated as follows: 
 
FARO Scene  
Targetless 
Mean Minimum Maximum 
Scan Tensions 2.8mm 1.1mm 6.8mm 
Cloud overlap 65% 25% 86% 
 
Percentage of overlap displacement less than 4mm  71% 
Table 5.4: Heritage facade scan—FARO Scene targetless tensions 
 
Trimble Realworks 
Targetless 
Mean Minimum Maximum 
Scan Tensions 3.0mm 1.0mm 8.0mm 
Cloud overlap 63% 32% 79% 
Table 5.5: Heritage facade scan—Trimble Realworks targetless tensions 
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Autodeksk Recap 
Targetless 
Mean Minimum Maximum 
Cloud overlap 37% 9% 78% 
 
Percentage of overlap displacement less than 6mm  99% 
Quality of overlapping data used in registration (out of 100) 62 
Table 5.6: Heritage facade scan—Autodesk Recap targetless tensions 
 
Control stations: Five control stations measured with a Trimble S8 total station were 
placed throughout the scanning traverse in the positions shown in Figure 5.2. The 
horizontal distances and height differences between each control station are shown in 
Table 5.7. 
 
 
Figure 5.2: Heritage facade scan—Control stations 
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HERITAGE 
FACADE TS 
HORIZONTAL DISTANCE 
T1 T2 T3 T4 T5 T1-close 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
T1   47.162 81.528 74.897 28.599 0.000 
T2 -0.350   41.145 71.152 62.839 47.162 
T3 -0.942 -0.592   61.275 85.742 81.528 
T4 -1.214 -0.864 -0.272   57.277 74.897 
T5 -0.636 -0.286 0.306 0.578   28.599 
T1-close 0.000 0.350 0.942 1.214 0.636   
 
Table 5.7: Heritage facade scan—total station control distances & height differences 
 
The co-ordinates of each control station for both registration methodologies across each 
software package were extracted for analysis. Each registered point cloud exists on its 
own independent co-ordinate system based on the initial scan used by each software’s 
registration algorithm(s). Therefore, the first step in comparing each method to the control 
datum is to calculate, based on the extracted co-ordinates, the horizontal distances and 
height differences between each control point within the fully registered point cloud. 
What follows are the tabulated deltas compared to the control horizontal distances and 
height differences shown in Table 5.7. For east of identification, the shading shown on 
each table is based on the following accuracy parameters: 
 
   0 to +/- 10mm:     No shading 
 
 +11mm to +25mm or     
-11mm to -25mm:   Light shading 
 
 +26mm to +50mm or    
-26mm to -50mm:   Medium shading 
 
 Greater than +50mm or  
less than -50mm:     Dark shading 
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Target-based deltas: 
 
HERITAGE 
FACADE SCN TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1 0.000 0.006 0.008 0.006 0.000 -0.001 
T2 -0.001   0.005 0.009 0.009 0.005 
T3 0.004 0.005   0.007 0.011 0.008 
T4 -0.006 -0.005 -0.010   0.008 0.006 
T5 -0.003 -0.001 -0.006 0.004   0.001 
T1-close -0.001 0.001 -0.004 0.006 0.002   
Table 5.8: Heritage facade scan—Scene target-based distance and height difference deltas  
 
HERITAGE 
FACADE RW TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1 0.000 0.006 0.007 0.004 -0.001 -0.002 
T2 -0.001   0.004 0.007 0.009 0.006 
T3 0.005 0.006   0.005 0.011 0.008 
T4 -0.006 -0.005 -0.011   0.008 0.006 
T5 -0.003 -0.002 -0.008 0.003   0.001 
T1-close -0.001 0.000 -0.006 0.005 0.002   
Table 5.9: Heritage facade scan—RealWorks target-based distance and height difference delta 
 
HERITAGE 
FACADE RCP TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1 0.000 0.010 0.016 0.016 0.005 -0.002 
T2 0.008   0.008 0.016 0.014 0.009 
T3 0.021 0.013   0.012 0.017 0.014 
T4 0.033 0.025 0.012   0.013 0.014 
T5 0.002 -0.006 -0.019 -0.031   0.004 
T1-close 0.002 -0.006 -0.019 -0.031 0.000   
Table 5.10: Heritage facade scan—Recap target-based distance and height difference deltas 
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Targetless deltas: 
 
HERITAGE 
FACADE SCN TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1 0.000 -0.015 -0.007 0.010 0.001 -0.003 
T2 0.026   0.004 0.005 -0.011 -0.016 
T3 -0.028 -0.054   0.000 -0.004 -0.008 
T4 -0.028 -0.054 0.000   0.010 0.007 
T5 -0.003 -0.029 0.025 0.025   -0.001 
T1-close 0.015 -0.011 0.043 0.043 0.018   
Table 5.11: Heritage facade scan—Scene targetless distance and height difference deltas 
 
 
HERITAGE 
FACADE RW TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1 0.000 0.010 0.012 0.012 0.001 -0.001 
T2 -0.013   0.004 0.010 0.011 0.010 
T3 0.012 0.025   0.008 0.014 0.012 
T4 -0.013 0.000 -0.025   0.014 0.011 
T5 -0.004 0.009 -0.016 0.009   0.000 
T1-close -0.005 0.008 -0.017 0.008 -0.001   
Table 5.12: Heritage facade scan—RealWorks targetless distance and height difference deltas  
 
 
HERITAGE 
FACADE RCP TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1 0.000 0.009 0.010 0.005 -0.001 -0.020 
T2 -0.182   0.000 0.009 0.009 0.029 
T3 -0.271 -0.089   0.015 0.013 0.026 
T4 -0.112 0.070 0.159   0.006 0.008 
T5 0.018 0.200 0.289 0.130   -0.013 
T1-close -0.025 0.157 0.246 0.087 -0.043   
Table 5.13: Heritage facade scan—Recap targetless distance and height difference deltas  
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5.3  Quarry plant / conveyor system scan 
 
Target-based: thirty-one scans containing a total of forty-one artificial targets were 
processed. The final, registered tensions are tabulated as follows: 
 
FARO Scene  
Target-based 
Mean Minimum Maximum 
Scan Tensions 2.9mm 1.5mm 5.7mm 
Target Tensions 3.0mm 0.1mm 17.1mm 
Table 5.14: Quarry plant scan—FARO Scene target-based tensions 
 
Trimble Realworks 
Target-based 
Mean Minimum Maximum 
Scan Tensions 4.0mm 1.0mm 10.0mm 
Target Tensions 4.0mm 0.0mm 15.0mm 
Table 5.15: Quarry plant scan—Trimble Realworks target-based tensions 
 
Autodesk Recap 
Target-based 
Mean Minimum Maximum 
Scan Tensions 2.7mm 1.0mm 5.1mm 
Target Tensions 2.5mm 0.0mm 11.7mm 
Table 5.16: Quarry plant scan—Autodesk Recap target-based tensions 
 
Targetless: All three software packages struggles in the cloud to cloud alignment. The 
scanning environment was quite ‘noisy’ due to the scanner to object distances required in 
some instances, the constant heavy vehicle traffic as well as the conveyor system 
remaining operational during the survey. Scene and Realworks were able to align just 
over a third of the scans with the rest requiring user alignment. Recap was not able to join 
any scans and all thirty-one scans were manually aligned.  
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The final, registered targetless scan tensions and point cloud overlap as supplied by each 
software’s quality report are tabulated as follows: 
 
FARO Scene  
Targetless 
Mean Minimum Maximum 
Scan Tensions 3.8mm 1.3mm 8.5mm 
Cloud overlap 59% 25% 91% 
 
Percentage of overlap displacement less than 4mm  54.8% 
Table 5.17: Quarry plant scan—FARO Scene targetless tensions 
 
Trimble Realworks 
Targetless 
Mean Minimum Maximum 
Scan Tensions 8.0mm 1.0mm 27.0mm 
Cloud overlap 54% 16% 85% 
Table 5.18: Quarry plant scan—Trimble Realworks targetless tensions 
 
Autodesk Recap 
Targetless 
Mean Minimum Maximum 
Cloud overlap 9% 2% 53% 
 
Percentage of overlap displacement less than 6mm  89% 
Quality of overlapping data used in registration (out of 100) 57 
Table 5.19: Quarry plant scan—Autodesk Recap targetless tensions 
 
Control stations: seven control stations were measured with a combination of two 
Trimble S8 total station traverses connected through the use of GNSS. The control 
stations are shown in Figure 5.3. The horizontal distances and height differences between 
each control station are shown in Table 5.20. 
 
  
5
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Figure 5.3: Quarry plant scan—Control stations  
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QUARRY 
PLANT TS & 
GPS 
HORIZONTAL DISTANCE 
T1 T2 T3 T4 T5 T6 T7 T1-close 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
 
T1   48.365 50.833 67.950 55.355 95.002 78.969 0.000 
T2 -0.328   34.187 68.742 103.384 140.859 117.293 48.365 
T3 -1.142 -0.814   34.853 96.465 144.293 129.567 50.833 
T4 -0.738 -0.410 0.404   95.209 149.581 144.017 67.950 
T5 -0.393 -0.065 0.749 0.345   56.271 66.917 55.355 
T6 -0.705 -0.377 0.437 0.033 -0.312   40.184 95.002 
T7 -0.803 -0.475 0.339 -0.065 -0.410 -0.098   78.969 
T1-close 0.000 0.328 1.142 0.738 0.393 0.705 0.803   
 
 
 
 
 
 
 
 
 
QUARRY 
PLANT SCN TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T1-close 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S T1   -0.002 -0.003 -0.004 0.007 0.008 0.005 -0.005 
T2 -0.005   0.001 0.000 0.004 0.006 0.004 -0.004 
T3 0.008 0.014   -0.001 0.001 0.004 0.002 -0.001 
T4 0.015 0.020 0.006   -0.003 0.002 0.000 0.001 
T5 0.004 0.009 -0.005 -0.011   0.006 0.005 0.009 
T6 0.007 0.012 -0.002 -0.008 0.003   0.001 0.008 
T7 0.008 0.014 0.000 -0.006 0.004 0.002   0.002 
T1-close 0.002 0.008 -0.006 -0.012 -0.002 -0.004 -0.006   
Table 5.20: Quarry plant 
scan—total station control 
distances & height differences 
Table 5.21: Quarry plant scan— 
Scene target-based distance and 
height difference deltas 
Target-based deltas: 
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QUARRY 
PLANT RW TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T1-close 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S T1   -0.001 -0.001 0.000 0.006 0.005 0.004 0.000 
T2 0.010   0.002 0.001 0.005 0.005 0.004 -0.001 
T3 -0.009 -0.019   -0.001 0.001 0.003 0.003 -0.001 
T4 -0.037 -0.047 -0.028   0.000 0.004 0.003 0.000 
T5 -0.015 -0.025 -0.006 0.022   0.005 0.006 0.006 
T6 -0.031 -0.041 -0.022 0.006 -0.016   0.000 0.005 
T7 -0.024 -0.034 -0.015 0.013 -0.009 0.007   0.004 
T1-close -0.005 -0.015 0.004 0.032 0.010 0.026 0.019   
QUARRY 
PLANT RCP TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T1-close 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S T1   0.002 -0.005 -0.005 0.013 0.015 0.010 -0.004 
T2 -0.004   0.006 0.002 0.016 0.016 0.009 -0.002 
T3 -0.016 -0.012   -0.004 0.006 0.009 0.005 -0.009 
T4 -0.029 -0.025 -0.013   0.003 0.008 0.004 -0.007 
T5 -0.022 -0.018 -0.006 0.007   0.007 0.010 0.017 
T6 -0.013 -0.009 0.003 0.016 0.009   0.006 0.019 
T7 0.014 0.018 0.030 0.043 0.036 0.027   0.013 
T1-close 0.001 0.005 0.017 0.030 0.023 0.014 -0.013   
Table 5.22: Quarry plant scan—
RealWorks target-based distance 
and height difference deltas 
Table 5.23: Quarry plant scan—
Recap target-based distance and 
height difference deltas 
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QUARRY 
PLANT SCN TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T1-close 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S T1   -0.003 -0.001 -0.008 0.015 0.014 0.000 -0.025 
T2 0.004   0.002 -0.010 0.012 0.010 -0.005 -0.020 
T3 -0.017 -0.021   -0.011 0.012 0.012 -0.002 -0.003 
T4 -0.024 -0.028 -0.007   0.008 0.011 -0.006 0.003 
T5 -0.026 -0.030 -0.009 -0.002   0.007 0.005 0.035 
T6 -0.043 -0.047 -0.026 -0.019 -0.017   0.009 0.023 
T7 -0.037 -0.041 -0.020 -0.013 -0.011 0.006   -0.002 
T1-close -0.026 -0.030 -0.009 -0.002 0.000 0.017 0.011   
QUARRY 
PLANT RW TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T1-close 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S T1   -0.004 -0.002 0.002 0.008 0.013 -0.007 -0.002 
T2 -0.014   0.003 0.004 0.003 0.009 -0.011 -0.005 
T3 -0.030 -0.016   0.001 0.001 0.010 -0.009 -0.001 
T4 -0.054 -0.040 -0.024   0.000 0.010 -0.006 0.004 
T5 -0.028 -0.014 0.002 0.026   0.011 0.003 0.009 
T6 -0.032 -0.018 -0.002 0.022 -0.004   0.013 0.013 
T7 -0.023 -0.009 0.007 0.031 0.005 0.009   -0.008 
T1-close 0.001 0.015 0.031 0.055 0.029 0.033 0.024   
Table 5.24: Quarry plant 
scan—Scene targetless distance 
and height difference deltas 
Table 5.25: Quarry plant scan—
RealWorks targetless distance 
and height difference deltas 
Targetless deltas: 
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QUARRY 
PLANT RCP TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T1-close 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.014 -0.013 -0.008 0.005 0.001 -0.049 -0.024 
T2 -0.013   0.003 0.008 -0.009 -0.014 -0.051 -0.003 
T3 -0.039 -0.026   0.005 -0.010 -0.013 -0.060 -0.018 
T4 -0.070 -0.057 -0.031   -0.013 -0.014 -0.068 -0.024 
T5 0.061 0.074 0.100 0.131   -0.001 -0.063 -0.010 
T6 0.135 0.148 0.174 0.205 0.074   -0.030 -0.001 
T7 0.083 0.096 0.122 0.153 0.022 -0.052   -0.042 
T1-close -0.004 0.009 0.035 0.066 -0.065 -0.139 -0.087   
Table 5.26: Quarry plant scan—
Recap targetless distance and 
height difference deltas 
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5.4  Floor plan scan 
 
Target-based: forty-five scans containing a total of sixty-six artificial targets were 
processed. The final, registered tensions are tabulated as follows: 
 
FARO Scene  
Target-based 
Mean Minimum Maximum 
Scan Tensions 0.7mm 0.1mm 1.2mm 
Target Tensions 0.8mm 0.0mm 18.2mm 
Table 5.27: Floor plan scan—FARO Scene target-based tensions 
 
Trimble Realworks 
Target-based 
Mean Minimum Maximum 
Scan Tensions 1.0mm 0.0mm 8.0mm 
Target Tensions 1.0mm 0.0mm 11.0mm 
Table 5.28: Floor plan scan—Trimble Realworks target-based tensions 
 
Autodesk Recap 
Target-based 
Mean Minimum Maximum 
Scan Tensions 1.1mm 0.0mm 4.0mm 
Target Tensions 0.8mm 0.0mm 6.0mm 
Table 5.29: Floor plan scan—Autodesk Recap target-based tensions 
 
Targetless: Both Scene and Realworks were able to successfully align the majority of 
the scans on the first alignment attempt. There were issues in placing a storeroom with 
lower levels of overlap as well as with the toilets with the ‘misplaced’ scan data due to 
the large mirrors in the scans. Recap created five clusters requiring manual joining 
through picking common planes between each of the registered clusters. 
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The final, registered targetless scan tensions and point cloud overlap as supplied by each 
software’s quality report are tabulated as follows: 
 
FARO Scene  
Targetless 
Mean Minimum Maximum 
Scan Tensions 1.1mm 0.8mm 1.7mm 
Cloud overlap 59% 36% 85% 
 
Percentage of overlap displacement less than 4mm  89% 
Table 5.30: Floor plan scan—FARO Scene targetless tensions 
 
Trimble Realworks 
Targetless 
Mean Minimum Maximum 
Scan Tensions 4.0mm 1.0mm 9.0mm 
Cloud overlap 45% 20% 77% 
Table 5.31: Floor plan scan—Trimble Realworks targetless tensions 
 
Autodesk Recap 
Targetless 
Mean Minimum Maximum 
Cloud overlap 53% 6% 89% 
 
Percentage of overlap displacement less than 6mm  99% 
Quality of overlapping data used in registration (out of 100) 71 
Table 5.32: Floor plan scan—Autodesk Recap targetless tensions 
 
Control stations: seven control stations consisting of both spheres and checkerboards 
were measured with a Trimble S8 total station were placed throughout the scanning 
traverse in the positions shown in Figure 5.4. The horizontal distances and height 
differences between each control station are shown in Table 5.33. 
 
  
65 
   
 
 
 
 
Figure 5.4: Floor plan scan—Control stations  
 
 
 
FLOOR PLAN 
TS 
HORIZONTAL DISTANCE 
T1 T2 T3 T4 T5 T6 T7 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
T1   24.090 28.527 23.287 39.050 33.621 41.471 
T2 -0.040   9.140 11.656 21.673 11.108 20.146 
T3 -0.177 -0.137   7.167 12.655 16.344 12.959 
T4 -0.158 -0.118 0.019   15.776 21.722 18.955 
T5 -0.049 -0.009 0.128 0.109   26.029 8.138 
T6 -1.638 -1.598 -1.461 -1.480 -1.589   20.893 
T7 0.491 0.531 0.668 0.649 0.540 2.129   
Table 5.33: Floor plan scan—total station control distances and height differences 
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Target-based deltas: 
 
FLOOR PLAN   
SCN TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S 
T1   -0.002 -0.005 -0.003 -0.009 -0.004 -0.005 
T2 -0.005   -0.004 -0.005 -0.005 -0.002 -0.001 
T3 -0.005 0.000   -0.004 -0.002 -0.003 0.000 
T4 -0.005 0.000 0.000   -0.006 -0.006 -0.005 
T5 -0.004 0.001 0.001 0.001   -0.003 -0.003 
T6 -0.005 0.000 -0.001 -0.001 -0.002   0.002 
T7 -0.007 -0.002 -0.003 -0.003 -0.004 -0.002   
Table 5.34: Floor plan scan—Scene target-based distance and height difference deltas 
 
FLOOR PLAN     
RW TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S 
T1   -0.002 -0.004 -0.002 -0.008 -0.005 -0.004 
T2 -0.006   -0.003 -0.004 -0.005 -0.002 -0.001 
T3 -0.005 0.001   -0.004 -0.002 -0.003 0.000 
T4 -0.005 0.001 0.000   -0.006 -0.006 -0.005 
T5 -0.004 0.002 0.001 0.001   -0.003 -0.002 
T6 -0.006 0.000 -0.001 -0.001 -0.002   0.002 
T7 -0.006 0.000 -0.001 -0.001 -0.002 0.000   
Table 5.35: Floor plan scan—RealWorks target-based distance and height difference deltas 
 
FLOOR PLAN   
RCP TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S 
T1   0.000 -0.001 0.001 0.000 0.001 0.002 
T2 -0.005   -0.002 -0.002 0.000 0.002 0.004 
T3 -0.003 0.002   -0.002 0.002 0.000 0.003 
T4 -0.005 0.000 -0.002   -0.001 -0.001 -0.001 
T5 -0.007 -0.002 -0.004 -0.002   0.003 -0.003 
T6 0.000 0.005 0.003 0.005 0.007   0.007 
T7 0.005 0.010 0.008 0.010 0.012 0.005   
Table 5.36: Floor plan scan—Recap target-based distance and height difference deltas 
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Targetless deltas: 
 
FLOOR PLAN   
SCN TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S 
T1   -0.001 -0.002 -0.001 -0.007 -0.005 -0.001 
T2 -0.019   -0.002 -0.003 -0.006 -0.003 0.000 
T3 -0.014 0.005   -0.001 -0.004 -0.004 0.001 
T4 -0.013 0.006 0.001   -0.005 -0.005 0.000 
T5 0.013 0.032 0.027 0.026   -0.005 0.000 
T6 0.010 0.029 0.024 0.023 -0.003   0.000 
T7 0.017 0.036 0.031 0.030 0.004 0.007   
Table 5.37: Floor plan scan—Scene targetless distance and height difference deltas 
 
FLOOR PLAN     
RW TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S 
T1   -0.002 -0.004 -0.004 -0.010 -0.004 -0.004 
T2 -0.016   -0.003 -0.002 -0.002 -0.003 -0.002 
T3 -0.013 0.003   0.000 0.000 -0.006 0.000 
T4 -0.007 0.009 0.006   -0.005 -0.005 -0.001 
T5 -0.007 0.009 0.006 0.000   0.001 0.008 
T6 -0.014 0.002 -0.001 -0.007 -0.007   -0.002 
T7 -0.004 0.012 0.009 0.003 0.003 0.010   
Table 5.38: Floor plan scan—RealWorks targetless distance and height difference deltas 
 
FLOOR PLAN   
RCP TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S 
T1   0.001 0.000 0.001 -0.003 0.011 0.000 
T2 -0.015   -0.003 -0.003 -0.005 0.007 0.000 
T3 0.000 0.015   -0.002 -0.002 -0.001 0.000 
T4 -0.012 0.003 -0.012   -0.004 0.001 -0.003 
T5 0.016 0.031 0.016 0.028   -0.008 -0.007 
T6 0.015 0.030 0.015 0.027 -0.001   -0.003 
T7 0.017 0.032 0.017 0.029 0.001 0.002   
Table 5.39: Floor plan scan—Recap targetless distance and height difference deltas 
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5.5  Tunnel scan 
 
Target-based: forty-five scans containing a total of fifty-five artificial targets were 
processed. The final, registered tensions are tabulated as follows: 
 
FARO Scene  
Target-based 
Mean Minimum Maximum 
Scan Tensions 1.9mm 1.3mm 3.5mm 
Target Tensions 1.8mm 0.1mm 14.4mm 
Table 5.40: Tunnel scan—FARO Scene target-based tensions 
 
Trimble Realworks 
Target-based 
Mean Minimum Maximum 
Scan Tensions 5.0mm 1.0mm 14.0mm 
Target Tensions 5.0mm 1.0mm 26.0mm 
Table 5.41: Tunnel scan—Trimble Realworks target-based tensions 
 
Autodesk Recap 
Target-based 
Mean Minimum Maximum 
Scan Tensions 1.8mm 0.5mm 5.1mm 
Target Tensions 1.8mm 0.0mm 25.2mm 
Table 5.42: Tunnel scan—Autodesk Recap target-based tensions 
 
Targetless: Generally, Scene and Realworks successfully placed the scans in the correct 
positions for the initial coarse alignment. However, in both packages there were certain 
sections along the kiln tunnel straights where the software misplaced or doubled up scans 
due to the equal distances between each of the sixteen tunnel entrances. The relevant 
scans were shifted and the fine alignment initialized. Recap created three registered 
clusters that required joining to create one common point cloud. 
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The final, registered targetless scan tensions and point cloud overlap as supplied by each 
software’s quality report are tabulated as follows: 
 
FARO Scene  
Targetless 
Mean Minimum Maximum 
Scan Tensions 1.4mm 0.9mm 2.2mm 
Cloud overlap 83% 53% 97% 
 
Percentage of overlap displacement less than 4mm  88% 
Table 5.43: Tunnel scan—FARO Scene targetless tensions 
 
Trimble Realworks 
Targetless 
Mean Minimum Maximum 
Scan Tensions 4.0mm 1.0mm 15.0mm 
Cloud overlap 89% 79% 95% 
Table 5.44: Tunnel scan—Trimble Realworks targetless tensions 
 
Autodesk Recap 
Targetless 
Mean Minimum Maximum 
Cloud overlap 68% 43% 77% 
 
Percentage of overlap displacement less than 6mm  95% 
Quality of overlapping data used in registration (out of 100) 29 
Table 5.45: Tunnel scan—Autodesk Recap targetless tensions 
 
Control stations: five control stations measured with a Trimble S8 total station were 
placed throughout the scanning traverse in the positions shown in Figure 5.5. The 
horizontal distances and height differences between each control station are shown in 
Table 5.46. 
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Figure 5.5: Tunnel scan—Control stations 
 
 
TUNNEL TS 
HORIZONTAL DISTANCE 
T1 T2 T3 T4 T5 T1-Close 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
T1   11.734 25.513 33.970 23.456 0.000 
T2 -0.012   33.438 43.766 33.714 11.734 
T3 -0.053 -0.041   12.541 9.243 25.513 
T4 -0.051 -0.039 0.002   10.627 33.970 
T5 -0.041 -0.029 0.012 0.010   23.456 
T1-Close 0.000 0.012 0.053 0.051 0.041   
Table 5.46: Tunnel scan—total station control distances and height differences 
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Target-based deltas: 
 
TUNNEL            
SCN TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-Close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1   -0.002 0.002 0.007 0.006 0.000 
T2 -0.001   0.001 0.005 0.004 -0.002 
T3 0.006 0.007   0.002 -0.005 0.001 
T4 0.006 0.007 0.000   0.000 0.006 
T5 0.006 0.007 0.000 0.000   0.006 
T1-Close 0.000 0.001 -0.006 -0.006 -0.006   
Table 5.47: Tunnel scan—Scene target-based distance and height difference deltas 
 
TUNNEL            
RW TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-Close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1   -0.001 0.001 0.008 0.007 -0.001 
T2 -0.002   0.000 0.007 0.005 -0.001 
T3 -0.005 -0.003   0.004 -0.005 0.001 
T4 -0.006 -0.004 -0.001   0.000 0.008 
T5 -0.007 -0.005 -0.002 -0.001   0.007 
T1-Close -0.011 -0.009 -0.006 -0.005 -0.004   
Table 5.48: Tunnel scan—RealWorks target-based distance and height difference deltas 
 
TUNNEL            
RCP TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-Close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1   0.000 0.005 0.013 0.011 -0.001 
T2 -0.002   0.006 0.013 0.010 -0.001 
T3 -0.001 0.001   0.005 -0.005 0.005 
T4 -0.003 -0.001 -0.002   0.002 0.013 
T5 0.001 0.003 0.002 0.004   0.011 
T1-Close -0.001 0.001 0.000 0.002 -0.002   
Table 5.49: Tunnel scan—Recap target-based distance and height difference deltas 
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Targetless deltas: 
 
TUNNEL            
SCN TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-Close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1   -0.004 0.011 0.011 0.011 -0.009 
T2 0.011   0.000 0.009 0.007 0.003 
T3 -0.016 -0.027   0.026 0.023 0.003 
T4 -0.012 -0.023 0.004   -0.001 0.003 
T5 -0.013 -0.024 0.003 -0.001   0.003 
T1-Close 0.003 -0.008 0.019 0.015 0.016   
Table 5.50: Tunnel scan—Scene targetless distance and height difference deltas 
 
TUNNEL            
RW TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-Close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1   0.002 0.002 0.007 0.007 -0.014 
T2 0.003   0.003 0.009 0.008 -0.001 
T3 0.014 0.011   0.006 -0.005 -0.008 
T4 0.015 0.012 0.001   -0.001 0.001 
T5 0.013 0.010 -0.001 -0.002   0.002 
T1-Close 0.003 0.000 -0.011 -0.012 -0.010   
Table 5.51: Tunnel scan—RealWorks targetless distance and height difference deltas 
 
TUNNEL            
RCP TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T1-Close 
H
EI
G
H
T 
D
IF
F.
 D
EL
TA
S T1   0.013 -0.009 -0.001 0.000 -0.016 
T2 0.014   -0.001 0.010 0.013 0.002 
T3 -0.030 -0.044   0.008 0.009 0.006 
T4 -0.073 -0.087 -0.043   0.000 0.015 
T5 -0.027 -0.041 0.003 0.046   0.016 
T1-Close 0.007 -0.007 0.037 0.080 0.034   
Table 5.52: Tunnel scan—Recap targetless distance and height difference deltas 
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5.6  Commercial roof scan 
 
Target-based: forty-seven scans containing a total of ninety artificial targets were 
processed. The final, registered tensions are tabulated as follows: 
 
FARO Scene  
Target-based 
Mean Minimum Maximum 
Scan Tensions 3.1mm 1.9mm 7.6mm 
Target Tensions 3.1mm 0.2mm 16.6mm 
Table 5.53: Commercial roof scan—FARO Scene target-based tensions 
 
 
Trimble Realworks 
Target-based 
Mean Minimum Maximum 
Scan Tensions 2.0mm 1.0mm 8.0mm 
Target Tensions 2.0mm 0.0mm 16.0mm 
Table 5.54: Commercial roof scan—Trimble Realworks target-based tensions 
 
 
Autodesk Recap 
Target-based 
Mean Minimum Maximum 
Scan Tensions 2.3mm 1.0mm 6.7mm 
Target Tensions 2.2mm 0.5mm 15.5mm 
Table 5.55: Commercial roof scan—Autodesk Recap target-based tensions 
 
Targetless: All three software packages struggled to align and register the roof-top scan 
data with less than one quarter of the forty-five scans initially aligned in the correct 
position. One challenge for the registration algorithms concerned the visual similarity of 
the roof structure that in certain sections had minimal objects in the z axis to align. The 
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result was a twenty meter section of roof that had a double up of scanning stations. This, 
in turn, shortened the combined roof point cloud by the twenty meters when coarsely 
aligned. A second problem was realized in that the scanning was undertaken over four 
distinct levels within a seven meter elevation range. This will be seen in the delta tables 
shown below where the displacement between the target-based aligned and targetless 
aligned control stations can be quite significant. The predominant failure of the coarse 
alignment for the software packages led to the time-consuming process of aligning the 
remaining three quarters of the scans one by one before a finer registration could begin. 
The final, registered targetless scan tensions and point cloud overlap as supplied by each 
software’s quality report are tabulated as follows: 
 
 
FARO Scene  
Targetless 
Mean Minimum Maximum 
Scan Tensions 5.1mm 1.7mm 15.8mm 
Cloud overlap 74% 14% 97% 
 
Percentage of overlap displacement less than 4mm  53% 
Table 5.56: Commercial roof scan—FARO Scene targetless tensions 
 
 
 
Trimble Realworks 
Targetless 
Mean Minimum Maximum 
Scan Tensions 8.0mm 1.0mm 20.0mm 
Cloud overlap 76% 35% 95% 
Table 5.57: Commercial roof scan—Trimble Realworks targetless tensions 
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Autodesk Recap 
Targetless 
Mean Minimum Maximum 
Cloud overlap 29% 11% 62% 
 
Percentage of overlap displacement less than 6mm  89% 
Quality of overlapping data used in registration (out of 100) 51 
Table 5.58: Commercial roof scan—Autodesk Recap targetless tensions 
 
 
Control stations: nine control stations were placed across four differing elevation levels 
and were measured with a Trimble S8 total station in the positions shown in Figure 5.6. 
The four ground level stations were placed using traditional traversing equipment while 
the remaining five control stations were measured from at least two separate ground 
stations and adjusted. This was due to the corrugated nature of the roof iron that proved 
impractical to support at total station. The horizontal distances and height differences 
between each control station are shown in Table 5.59. 
Again, as with all the initial results, the shading shown on each delta table is based on the 
following accuracy parameters: 
 
   0 to +/- 10mm:     No shading 
 
 +11mm to +25mm or     
-11mm to -25mm:   Light shading 
 
 +26mm to +50mm or    
-26mm to -50mm:   Medium shading 
 
 Greater than +50mm or  
less than -50mm:     Dark shading 
 
    
7
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Figure 5.6: Commercial roof scan—Control stations 
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COMMERCIAL 
ROOF TS 
HORIZONTAL DISTANCE 
T1 T2 T3 T4 T5 T6 T7 T8 T9 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
T1   47.109 34.485 57.059 117.058 104.490 91.352 125.272 150.873 
T2 -0.105   43.338 23.583 90.470 84.254 93.207 121.631 141.383 
T3 -5.685 -5.580   36.716 84.550 70.742 58.847 91.958 116.773 
T4 -3.296 -3.191 2.389   67.397 60.675 73.588 99.645 118.238 
T5 0.148 0.253 5.833 3.444   18.046 62.461 61.659 64.759 
T6 -3.215 -3.110 2.470 0.081 -3.363   44.668 49.269 59.776 
T7 -5.290 -5.185 0.395 -1.994 -5.438 -2.075   34.300 61.715 
T8 0.557 0.662 6.242 3.853 0.409 3.772 5.847   28.522 
T9 -2.944 -2.839 2.741 0.352 -3.092 0.271 2.346 -3.501   
 
 
 
 
 
 
 
 
COMMERCIAL 
ROOF SCN TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.012 -0.006 -0.008 -0.014 -0.010 -0.005 -0.010 -0.010 
T2 0.010   -0.010 -0.002 -0.012 -0.008 -0.009 -0.017 -0.017 
T3 -0.002 -0.012   -0.004 -0.008 -0.003 0.000 -0.006 -0.006 
T4 0.004 -0.006 0.006   -0.011 -0.006 -0.005 -0.015 -0.015 
T5 0.011 0.002 0.013 0.007   -0.001 -0.002 -0.012 -0.012 
T6 0.006 -0.004 0.008 0.002 -0.005   -0.001 -0.013 -0.012 
T7 -0.011 -0.021 -0.009 -0.015 -0.022 -0.017   -0.003 0.000 
T8 0.000 -0.010 0.002 -0.004 -0.011 -0.006 0.011   0.001 
T9 0.011 0.001 0.013 0.007 0.000 0.005 0.022 0.011   
Table 5.59: Commercial roof 
scan—total station control 
distances and height differences 
Table 5.60: Commercial roof 
scan—Scene target-based 
distance and height difference 
deltas 
Target-based deltas: 
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COMMERCIAL 
ROOF RW TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.014 -0.004 -0.012 -0.011 -0.010 0.003 -0.004 -0.002 
T2 -0.012   -0.006 -0.004 -0.008 -0.008 -0.002 -0.011 -0.006 
T3 -0.003 0.009   -0.003 -0.004 -0.004 0.005 -0.003 0.000 
T4 -0.006 0.006 -0.003   -0.004 -0.004 0.001 -0.008 -0.003 
T5 -0.018 -0.006 -0.015 -0.012   0.000 -0.003 -0.009 -0.003 
T6 -0.009 0.003 -0.006 -0.003 0.009   -0.003 -0.009 -0.001 
T7 0.008 0.020 0.011 0.014 0.026 0.017   -0.005 -0.002 
T8 -0.001 0.011 0.002 0.005 0.017 0.008 -0.009   0.001 
T9 -0.013 -0.001 -0.010 -0.007 0.005 -0.004 -0.021 -0.012   
COMMERCIAL 
ROOF RCP TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.008 -0.004 -0.001 -0.004 -0.005 0.006 0.001 0.006 
T2 0.003   -0.004 0.004 0.000 -0.003 0.005 -0.001 0.004 
T3 -0.001 -0.004   0.001 0.000 0.000 0.009 0.003 0.009 
T4 0.004 0.001 0.005   -0.004 -0.006 0.004 -0.003 0.001 
T5 0.019 0.016 0.020 0.015   -0.002 -0.001 -0.005 -0.001 
T6 0.012 0.009 0.013 0.008 -0.007   0.002 -0.001 0.005 
T7 -0.001 -0.004 0.000 -0.005 -0.020 -0.013   -0.004 0.002 
T8 0.013 0.010 0.014 0.009 -0.006 0.001 0.014   0.005 
T9 0.036 0.033 0.037 0.032 0.017 0.024 0.037 0.023   
Table 5.61: Commercial roof 
scan—RealWorkds target-based 
distance and height difference 
deltas 
Table 5.62: Commercial roof 
scan—Recap target-based 
distance and height difference 
deltas 
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COMMERCIAL 
ROOF SCN TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.074 -0.004 -0.055 -0.042 -0.044 -0.009 -0.030 -0.030 
T2 0.830   -0.061 -0.039 -0.047 -0.061 -0.052 -0.073 -0.068 
T3 -0.002 -0.832   -0.035 -0.030 -0.036 -0.009 -0.032 -0.031 
T4 0.531 -0.299 0.533   -0.011 -0.022 -0.010 -0.030 -0.027 
T5 0.065 -0.764 0.067 -0.466   0.003 0.005 -0.008 -0.012 
T6 0.074 -0.756 0.076 -0.457 0.009   0.005 -0.006 -0.005 
T7 0.025 -0.805 0.027 -0.506 -0.040 -0.049   -0.017 -0.010 
T8 0.072 -0.757 0.074 -0.459 0.007 -0.002 0.047   0.006 
T9 0.121 -0.709 0.123 -0.410 0.056 0.047 0.096 0.049   
 
COMMERCIAL 
ROOF RW TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   0.004 -0.019 -0.009 -0.014 -0.017 -0.018 -0.023 -0.019 
T2 -0.095   0.002 -0.012 -0.016 -0.015 -0.010 -0.025 -0.018 
T3 -0.099 -0.004   0.007 0.006 0.002 -0.002 -0.008 -0.001 
T4 -0.159 -0.064 -0.060   -0.003 -0.003 -0.001 -0.016 -0.007 
T5 -0.300 -0.205 -0.201 -0.141   0.006 0.007 -0.015 -0.004 
T6 -0.265 -0.170 -0.166 -0.106 0.035   0.001 -0.021 -0.007 
T7 -0.201 -0.106 -0.102 -0.042 0.099 0.064   -0.002 0.002 
T8 -0.231 -0.136 -0.132 -0.072 0.069 0.034 -0.030   -0.002 
T9 -0.455 -0.360 -0.356 -0.296 -0.155 -0.190 -0.254 -0.224   
Table 5.63: Commercial roof 
scan—Scene targetless distance 
and height differences deltas 
Table 5.64: Commercial roof 
scan—RealWorks targetless 
distance and height differences 
deltas 
Targetless deltas: 
    
8
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COMMERCIAL 
ROOF RCP TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.017 -0.001 -0.003 -0.064 -0.025 -0.028 -0.119 -0.058 
T2 0.087   -0.012 0.005 -0.055 -0.018 -0.025 -0.107 -0.046 
T3 -0.009 -0.096   -0.004 -0.061 -0.024 -0.026 -0.117 -0.056 
T4 0.088 0.001 0.097   -0.063 -0.023 -0.021 -0.103 -0.047 
T5 0.580 0.493 0.589 0.492   -0.024 -0.023 -0.032 0.008 
T6 0.457 0.370 0.466 0.369 -0.123   -0.004 -0.054 -0.021 
T7 0.340 0.253 0.349 0.252 -0.240 -0.117   -0.091 -0.033 
T8 0.848 0.761 0.857 0.760 0.268 0.391 0.508   0.048 
T9 1.419 1.332 1.428 1.331 0.839 0.962 1.079 0.571   
Table 5.65: Commercial roof 
scan—Recap targetless distance 
and height differences deltas 
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5.7  Wharf monitor scan 
 
Target-based: thirteen scans containing a total of fifty-eight artificial targets were 
processed. The final, registered tensions are tabulated as follows: 
 
FARO Scene  
Target-based 
Mean Minimum Maximum 
Scan Tensions 1.9mm 1.4mm 2.8mm 
Target Tensions 2.0mm 0.0mm 7.8mm 
Table 5.66: Wharf monitor scan—FARO Scene target-based tensions 
 
Trimble Realworks 
Target-based 
Mean Minimum Maximum 
Scan Tensions 1.0mm 0.0mm 2.0mm 
Target Tensions 1.0mm 0.0mm 3.0mm 
Table 5.67: Wharf monitor scan—Trimble Realworks target-based tensions 
 
Autodesk Recap 
Target-based 
Mean Minimum Maximum 
Scan Tensions 1.4mm 1.0mm 1.7mm 
Target Tensions 1.4mm 0.0mm 5.0mm 
Table 5.68: Wharf monitor scan—Autodesk Recap target-based tensions 
 
Targetless: All three software packages failed significantly to align the scan data while 
suggesting successful coarse registration with sub-ten millimetre accuracy. For each 
software package two cluster groups were created. The first cluster in each registration 
was aligned correctly, but each respective adjoining cluster was positioned at significant 
deflection to the first one as shown in Figure 5.7 and Figure 5.8.  
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This deflection seems the result of a narrow section within the scanning zone where the 
scanning traverse passed between two large structures.  
 
 
 
Figure 5.7: Wharf monitor scan—FARO Scene wrong alignment 
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Figure 5.8: Wharf monitor scan—Trimble Realworks wrong alignment 
 
For each software package the deflected scans were manually re-aligned into the correct 
positions and a finer registration was initialized. 
 
 
Figure 5.9: Wharf monitor scan—FARO Scene correct alignment 
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The final, registered targetless scan tensions and point cloud overlap as supplied by each 
software’s quality report are tabulated as follows: 
 
FARO Scene  
Targetless 
Mean Minimum Maximum 
Scan Tensions 1.5mm 1.0mm 1.7mm 
Cloud overlap 74% 64% 90% 
 
Percentage of overlap displacement less than 4mm  87% 
Table 5.69: Wharf monitor scan—FARO Scene targetless tensions 
 
Trimble Realworks 
Targetless 
Mean Minimum Maximum 
Scan Tensions 3.0mm 0.0mm 4.0mm 
Cloud overlap 76% 69% 90% 
Table 5.70: Wharf monitor scan—Trimble Realworks targetless tensions 
 
Autodesk Recap 
Targetless 
Mean Minimum Maximum 
Cloud overlap 9% 2% 39% 
 
Percentage of overlap displacement less than 6mm  97% 
Quality of overlapping data used in registration (out of 100) 42 
Table 5.71: Wharf monitor scan—Autodesk Recap targetless tensions 
 
Control stations: ten control stations measured with a Trimble S8 total station were 
placed throughout the scanning traverse in the positions shown in Figure 5.10. Control 
stations were measured from a minimum of two setups and adjusted. The horizontal 
distances and height differences between each control station are shown in Table 5.72. 
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Figure 5.10: Wharf monitor scan—Control stations 
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WHARF   
MONITOR TS 
HORIZONTAL DISTANCE 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
T1   33.419 48.478 75.518 79.980 134.717 169.436 177.694 200.759 231.608 
T2 -0.079   20.545 45.258 46.567 102.461 136.493 144.281 167.808 198.198 
T3 0.204 0.283   27.059 37.739 86.774 122.269 132.807 153.499 186.365 
T4 -0.117 -0.038 -0.321   25.052 60.092 96.109 108.456 127.164 161.376 
T5 0.012 0.091 -0.192 0.129   59.142 90.882 97.715 122.061 151.631 
T6 0.059 0.138 -0.145 0.176 0.047   36.678 54.112 67.239 103.639 
T7 -0.018 0.061 -0.222 0.099 -0.030 -0.077   24.757 31.325 67.313 
T8 0.090 0.169 -0.114 0.207 0.078 0.031 0.108   34.520 53.921 
T9 0.151 0.230 -0.053 0.268 0.139 0.092 0.169 0.061   41.933 
T10 -0.080 -0.001 -0.284 0.037 -0.092 -0.139 -0.062 -0.170 -0.231   
Table 5.72: Wharf monitor scan—total station control distances and height differences 
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Target-based deltas 
 
WHARF MON. 
SCN TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.002 -0.005 -0.005 -0.005 -0.008 -0.008 -0.008 -0.009 -0.009 
T2 -0.005   -0.001 -0.002 -0.003 -0.006 -0.006 -0.006 -0.007 -0.007 
T3 -0.003 0.002   -0.001 -0.003 -0.004 -0.005 -0.005 -0.006 -0.006 
T4 0.000 0.005 0.003   -0.002 -0.003 -0.004 -0.004 -0.006 -0.006 
T5 -0.002 0.004 0.001 -0.002   -0.004 -0.003 -0.003 -0.004 -0.004 
T6 -0.001 0.005 0.002 -0.001 0.001   -0.001 -0.001 -0.003 -0.004 
T7 0.004 0.009 0.007 0.004 0.005 0.004   0.001 -0.001 -0.003 
T8 0.003 0.008 0.006 0.003 0.005 0.004 -0.001   0.003 -0.001 
T9 0.001 0.006 0.004 0.001 0.003 0.002 -0.003 -0.002   -0.002 
T10 0.000 0.006 0.003 0.000 0.002 0.001 -0.004 -0.003 -0.001   
Table 5.73: Wharf monitor scan—Scene target-based distance and height difference deltas 
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WHARF MON. 
RW TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.001 -0.005 -0.005 -0.002 -0.004 -0.004 -0.004 -0.005 -0.004 
T2 -0.005   -0.002 -0.002 -0.001 -0.002 -0.002 -0.003 -0.003 -0.003 
T3 -0.001 0.004   0.000 0.000 0.000 0.000 -0.001 -0.002 -0.002 
T4 0.000 0.005 0.001   -0.001 0.000 -0.001 -0.002 -0.002 -0.003 
T5 -0.003 0.002 -0.002 -0.003   -0.001 -0.001 -0.002 -0.002 -0.002 
T6 0.000 0.005 0.001 0.000 0.003   -0.001 -0.002 -0.003 -0.004 
T7 0.004 0.009 0.005 0.004 0.007 0.004   0.001 -0.001 -0.003 
T8 0.002 0.007 0.003 0.002 0.005 0.002 -0.002   0.002 0.000 
T9 0.001 0.006 0.002 0.001 0.004 0.001 -0.003 -0.001   -0.001 
T10 -0.001 0.004 0.000 -0.001 0.002 -0.001 -0.005 -0.003 -0.002   
Table 5.74: Wharf monitor scan—RealWorks target-based distance and height difference deltas 
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WHARF MON. 
RCP TB 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   0.002 0.000 0.000 0.001 0.005 0.004 0.005 0.006 0.010 
T2 -0.006   0.000 0.000 -0.001 0.003 0.002 0.002 0.004 0.007 
T3 -0.002 0.004   0.000 -0.002 0.004 0.003 0.003 0.005 0.008 
T4 0.001 0.007 0.003   0.000 0.005 0.004 0.006 0.006 0.009 
T5 -0.005 0.001 -0.003 -0.006   0.003 0.003 0.004 0.005 0.009 
T6 0.032 0.038 0.034 0.031 0.037   -0.001 0.001 0.000 0.003 
T7 0.064 0.070 0.066 0.063 0.069 0.032   0.003 0.002 0.004 
T8 0.074 0.080 0.076 0.073 0.079 0.042 0.010   0.005 0.005 
T9 0.103 0.109 0.105 0.102 0.108 0.071 0.039 0.029   0.002 
T10 0.150 0.156 0.152 0.149 0.155 0.118 0.086 0.076 0.047   
Table 5.75: Wharf monitor scan—Recap target-based distance and height difference deltas 
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Targetless deltas: 
 
 
WHARF MON. 
SCN TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.001 -0.003 -0.006 -0.001 -0.005 -0.002 0.004 -0.001 0.005 
T2 -0.005   -0.003 -0.005 0.000 -0.003 0.001 0.005 0.002 0.006 
T3 -0.001 0.004   -0.002 0.000 -0.003 -0.002 0.002 -0.001 0.001 
T4 0.014 0.019 0.015   -0.001 -0.002 -0.002 -0.001 -0.001 -0.001 
T5 0.013 0.018 0.014 -0.001   0.002 0.005 0.006 0.006 0.007 
T6 0.063 0.068 0.064 0.049 0.050   -0.002 -0.002 0.000 -0.002 
T7 0.129 0.134 0.130 0.115 0.116 0.066   0.003 0.001 0.001 
T8 0.137 0.142 0.138 0.123 0.124 0.074 0.008   0.002 0.001 
T9 0.207 0.212 0.208 0.193 0.194 0.144 0.078 0.070   -0.001 
T10 0.282 0.287 0.283 0.268 0.269 0.219 0.153 0.145 0.075   
Table 5.76: Wharf monitor scan—Scene targetless distance and height difference deltas 
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WHARF MON. 
RW TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.028 -0.027 -0.026 -0.051 -0.036 -0.037 -0.051 -0.038 -0.048 
T2 -0.005   0.008 -0.002 -0.023 -0.013 -0.012 -0.023 -0.013 -0.020 
T3 0.011 0.016   0.003 -0.001 0.000 0.002 -0.005 0.001 -0.002 
T4 0.032 0.037 0.021   -0.002 -0.004 -0.003 -0.010 -0.004 -0.008 
T5 -0.007 -0.002 -0.018 -0.039   0.003 0.008 0.000 0.007 0.003 
T6 0.061 0.066 0.050 0.029 0.068   -0.002 -0.011 -0.001 -0.007 
T7 0.068 0.073 0.057 0.036 0.075 0.007   -0.002 -0.001 -0.004 
T8 0.025 0.030 0.014 -0.007 0.032 -0.036 -0.043   0.003 0.003 
T9 0.092 0.097 0.081 0.060 0.099 0.031 0.024 0.067   -0.003 
T10 0.061 0.066 0.050 0.029 0.068 0.000 -0.007 0.036 -0.031   
Table 5.77: Wharf monitor scan—RealWorks targetless distance and height difference deltas 
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WHARF MON. 
RCP TL 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   0.002 -0.001 0.023 -0.033 0.050 0.033 0.010 0.029 0.011 
T2 -0.076   0.001 0.022 -0.035 0.038 0.023 0.008 0.019 0.008 
T3 -0.140 -0.064   0.023 -0.024 0.060 0.053 0.042 0.049 0.043 
T4 -0.157 -0.081 -0.017   0.000 0.046 0.046 0.048 0.040 0.044 
T5 -0.151 -0.075 -0.011 0.006   0.040 0.038 0.043 0.036 0.042 
T6 -0.152 -0.076 -0.012 0.005 -0.001   0.003 0.011 -0.005 -0.001 
T7 -0.106 -0.030 0.034 0.051 0.045 0.046   0.002 -0.004 -0.006 
T8 -0.080 -0.004 0.060 0.077 0.071 0.072 0.026   0.007 0.000 
T9 -0.020 0.056 0.120 0.137 0.131 0.132 0.086 0.060   -0.002 
T10 0.084 0.160 0.224 0.241 0.235 0.236 0.190 0.164 0.104   
Table 5.78: Wharf monitor scan—Recap targetless distance and height difference deltas 
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5.8  Initial Conclusions 
 
Target-based registration: a total of forty-three control stations across six scanning 
scenarios were used to vigorously compare the accuracy of target-based registration 
results to a total-station measured datum. All but one software package for one scenario 
produced suitable data for future feature extraction and a level of accuracy consistent with 
each scenario’s final deliverable. The only exception was Autodesk Recap’s target-based 
registration for the wharf monitor scan. The delta results (see Table 5.75 in consultation 
with Figure 5.10) show somewhere between control Targets 5 and 7 that a severe vertical 
ramping begins at a constant grade culminating in a vertical displacement at the end of 
the scanning traverse of 150mm. Interestingly, horizontally the alignment is within close 
proximity to the control datum. 
 
Targetless registration: It’s in the initial targetless results that one can see trends starting 
to emerge. On the whole, there is only a slight lessening of horizontal accuracy when 
comparing to both the control datum and the target-based registration results. However, 
it’s in the z-axis that a significant, predominantly graduating, degradation of the data 
occurs. This is despite the fact that each final targetless registration passed each 
software’s internal quality control measures. This graduating vertical inaccuracy can 
clearly be seen in FARO Scene’s targetless registration attempt of the wharf monitor 
survey. Though statistically tight (Table 5.69) the results tabulated in Table 5.76 show 
the gradual nature of the vertical displacement exhibited throughout other targetless 
registration attempts as well. Looking at Target 1’s spatial relationship with the remaining 
control stations throughout the traverse as shown in Table 5.76 on can see that 
horizontally the final point cloud registration aligns extremely close with the total station 
measurements.  However, following Target 1’s height difference deltas down through the 
table, one can easily see the graduating nature of the vertical displacement ranging from 
-0.005m difference to the control datum at the start of the traverse to +0.282m difference 
to control datum by the end of the scanning traverse. 
 
  
94 
   
The initial results also seem to indicate a loss of accuracy when the scanning traverse was 
open-ended and not closed onto previously scanned data / control points. This was 
especially true with the outdoor scans as shown in the targetless results displayed for the 
commercial roof and wharf monitor scenarios as compared to the internal open-ended 
traverse of the floor-plan survey. Though still not displaying the survey accuracies 
desired, the generally tighter targetless accuracies of the closed outdoor scanning traverse 
associated with the quarry conveyor scenario compared to the open ended traverse of the 
roof and wharf surveys reinforces this principle. 
 
The initial results also seems to suggest that higher percentages of cloud to cloud to cloud 
overlap do not necessarily lead to tighter targetless accuracies. An example can be seen 
comparing the average seventy-four percent overlap of the commercial roof survey 
compared to the average fifty-nine percent overlap of both the floor-plan and quarry 
conveyor system scans. It would seem that an increase of the cloud to cloud overlap over 
forty percent does not have an exponential increase in the final registration accuracies 
achieved. It is interesting to note that Autodesk Recap consistently recognizes less points 
in its cloud to cloud registration, sometimes less than half the points recognized / used by 
FARO Scene and Trimble Realworks. This may be caused by the algorithms Recap uses 
to filter out unwanted points / ‘noise’ and the results seem to suggest that Recap’s ability 
to register together targetless data is weakened when compared to the targetless results of 
both Scene and Realworks. 
 
The initial results indicate that there is a significant loss of vertical accuracy comparing 
target-based and targetless registration to a common control datum. This is especially 
seen in outdoor scenarios with open-ended scanning traverses. 
 
The following chapter will align each data set tabulated above to a common co-ordinate 
system to give a broader picture of the accuracies achieved across each scanning scenario. 
This will be done through the analysis of co-ordinate differences as opposed to the more 
general nature of calculated horizontal distance and height difference deltas. 
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CHAPTER 6 
 
COORDINATED COMPARISONS 
 
6.1 Introduction 
An easy way for surveyors to compare the accuracy of a measurement is to determine that 
measurement’s coordinate difference to a true and/or nominal value. This chapter will 
align the extracted control stations from each fully registered point cloud into one 
common coordinate system. Depending on where the final registration algorithm begins 
its process of matching individual scans, each combined point cloud will exist on its own 
individual co-ordinate system. Comparing horizontal distance and height difference 
deltas is an easy initial step in checking the validity and accuracy of a software’s 
registration attempt. However, to be truly meaningful for comparison purposes, each 
individual coordinate system needs to be translated and aligned to the total station control 
network. Only then can the control stations, extracted from each registration method, be 
collaborated into one table showing single point accuracy compared to the control 
coordinates. The goal for this step is to have a one-page visual depiction of the accuracy 
for a particular software’s registration result. 
For each scenario, one station was chosen as a datum point to align each co-ordinate 
system. After translation, two stations giving the longest baseline with the closest 
agreement to the surveyed control distance were chosen to align the data. Any baseline 
chosen needed to have close agreement to the control distance across each methodology 
for each software package tested. As with the previous delta tables the shading shown 
below is based on the following accuracy parameters: 
   0 to +/- 10mm:     No shading 
 
 +11mm to +25mm or     
-11mm to -25mm:   Light shading 
 
 +26mm to +50mm or    
-26mm to -50mm:   Medium shading 
 
 Greater than +50mm or  
less than -50mm:     Dark shading 
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6.2  Heritage facade scan 
 
Target 1 was used as the datum point and the coordinate systems were aligned vide the 
control baseline between Target 1 and Target 4 with horizontal distance values as follows: 
 
Control Survey  74.897m 
Scene Target-based  74.903m  Scene Targetless  74.907m 
Realworks Target-based 74.901m Realworks Targetless  74.909m 
Recap Target-based  74.923m Recap Targetless  74.902m 
 
Refer to Figure 5.2 in Chapter 5 for the position of each control station 
 
  
REGISTRATION 
METHOD 
SCENE 
TB 
SCENE 
TL 
TRW 
TB 
TRW 
TL 
RECAP 
TB 
RECAP 
TL 
Point ID Deltas 2 3 4 5 6 7 
H
E
R
IT
A
G
E
 F
A
C
A
D
E
 S
U
R
V
E
Y
 
T1 
∆ E 0.000 0.000 0.000 0.000 0.000 0.000 
∆ N 0.000 0.000 0.000 0.000 0.000 0.000 
∆ RL 0.000 0.000 0.000 0.000 0.000 0.000 
T2 
∆ E -0.006 0.016 -0.006 -0.010 -0.010 -0.009 
∆ N -0.004 -0.001 -0.005 -0.001 -0.002 -0.003 
∆ RL -0.001 0.026 -0.001 -0.013 0.008 -0.182 
T3 
∆ E -0.008 0.006 -0.008 -0.012 -0.015 -0.013 
∆ N 0.001 -0.004 -0.002 0.002 0.005 -0.007 
∆ RL 0.004 -0.028 0.005 0.012 0.021 -0.271 
T4 
∆ E -0.003 -0.004 -0.005 -0.009 -0.007 -0.002 
∆ N 0.005 0.008 0.002 0.009 0.014 0.005 
∆ RL -0.006 -0.028 -0.006 -0.013 0.033 -0.112 
T5 
∆ E 0.003 0.002 0.003 0.002 0.002 0.000 
∆ N -0.001 0.001 -0.002 0.000 0.004 -0.001 
∆ RL -0.003 -0.003 -0.003 -0.004 0.002 0.018 
T1-Close 
∆ E -0.001 0.000 0.001 0.000 -0.002 -0.018 
∆ N 0.000 0.003 -0.002 0.001 0.001 -0.009 
∆ RL -0.001 0.015 -0.001 -0.005 0.002 -0.025 
 
Table 6.1: Heritage facade scan—coordinate comparisons 
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6.3  Quarry plant scan 
Target 1 was used as the datum point and the coordinate systems were aligned vide the 
control baseline between Target 6 and Target 2 with horizontal distance values as follows: 
 
Control Survey  140.859m 
Scene Target-based  140.865m  Scene Targetless  140.869m 
Realworks Target-based 140.864m Realworks Targetless  140.868m 
Recap Target-based  140.875m Recap Targetless  140.845m 
 
Refer to Figure 5.3 in Chapter 5 for the position of each control station 
 
  
REGISTRATION 
METHOD 
SCENE 
TB 
SCENE 
TL 
TRW 
TB 
TRW 
TL 
RECAP 
TB 
RECAP 
TL 
Point ID Deltas 2 3 4 5 6 7 
Q
U
A
R
R
Y
 P
L
A
N
T
 S
U
R
V
E
Y
 
T1 
∆ E 0.000 0.000 0.000 0.000 0.000 0.000 
∆ N 0.000 0.000 0.000 0.000 0.000 0.000 
∆ RL 0.000 0.000 0.000 0.000 0.000 0.000 
T2 
∆ E 0.002 0.002 0.000 0.005 -0.001 0.014 
∆ N -0.001 0.000 -0.001 0.001 0.004 -0.003 
∆ RL -0.006 0.004 0.010 -0.014 -0.004 -0.013 
T3 
∆ E 0.004 0.002 0.002 0.003 0.006 0.016 
∆ N -0.002 -0.002 -0.004 -0.001 -0.002 -0.007 
∆ RL 0.008 -0.017 -0.009 -0.030 -0.016 -0.039 
T4 
∆ E 0.007 0.001 0.002 0.000 0.006 0.024 
∆ N -0.001 0.009 -0.002 -0.003 0.002 -0.011 
∆ RL 0.014 -0.024 -0.037 -0.054 -0.029 -0.070 
T5 
∆ E 0.005 0.014 0.003 0.002 0.011 0.007 
∆ N -0.005 -0.006 -0.007 -0.013 -0.007 0.003 
∆ RL 0.003 -0.026 -0.015 -0.028 -0.022 0.061 
T6 
∆ E 0.009 0.014 0.005 0.013 0.015 0.001 
∆ N 0.000 0.007 -0.001 -0.010 0.001 0.010 
∆ RL 0.006 -0.043 -0.031 -0.032 -0.013 0.135 
T7 
∆ E 0.006 -0.003 0.004 -0.005 0.009 -0.031 
∆ N -0.001 0.006 -0.001 -0.006 0.004 -0.051 
∆ RL 0.008 -0.037 -0.024 -0.023 0.014 0.083 
T1-Close 
∆ E 0.001 -0.010 0.000 0.000 -0.004 0.002 
∆ N 0.006 0.023 0.000 0.002 0.001 -0.023 
∆ RL 0.002 -0.026 -0.005 0.001 0.001 -0.004 
 
Table 6.2: Quarry plant scan—coordinate comparisons 
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6.4  Floor plan scan 
 
Target 1 was used as the datum point and the coordinate systems were aligned vide the 
control baseline between Target 1 and Target 7 with horizontal distance values as follows: 
 
Control Survey  41.471m 
Scene Target-based  41.466m  Scene Targetless  41.470m 
Realworks Target-based 41.467m Realworks Targetless  41.467m 
Recap Target-based  41.473m Recap Targetless  41.471m 
 
 
Refer to Figure 5.4 in Chapter 5 for the position of each control station 
 
  
REGISTRATION 
METHOD 
SCENE 
TB 
SCENE 
TL 
TRW 
TB 
TRW 
TL 
RECAP 
TB 
RECAP 
TL 
Point ID Deltas 2 3 4 5 6 7 
F
L
O
O
R
P
A
L
N
 S
U
R
V
E
Y
 
T1 
∆ E 0.000 0.000 0.000 0.000 0.000 0.000 
∆ N 0.000 0.000 0.000 0.000 0.000 0.000 
∆ RL 0.000 0.000 0.000 0.000 0.000 0.000 
T2 
∆ E -0.004 -0.001 -0.003 -0.002 -0.001 0.000 
∆ N -0.002 0.001 -0.001 -0.001 -0.003 -0.002 
∆ RL -0.005 -0.019 -0.006 -0.016 -0.005 -0.015 
T3 
∆ E -0.006 -0.002 -0.005 -0.004 -0.002 -0.001 
∆ N -0.005 -0.001 -0.004 -0.003 -0.005 -0.005 
∆ RL -0.005 -0.014 -0.005 -0.013 -0.003 0.000 
T4 
∆ E -0.003 -0.001 -0.002 -0.004 0.001 0.001 
∆ N -0.007 -0.002 -0.006 -0.003 -0.006 -0.006 
∆ RL -0.005 -0.013 -0.005 -0.007 -0.005 -0.012 
T5 
∆ E -0.009 -0.006 -0.008 -0.010 0.000 -0.002 
∆ N -0.004 -0.002 -0.003 0.007 -0.004 -0.008 
∆ RL -0.004 0.013 -0.004 -0.007 -0.007 0.016 
T6 
∆ E -0.006 -0.004 -0.006 -0.003 -0.002 0.010 
∆ N -0.001 0.003 -0.001 0.002 -0.006 -0.005 
∆ RL -0.005 0.010 -0.006 -0.014 0.000 0.015 
T7 
∆ E -0.005 -0.001 -0.004 -0.004 0.002 0.000 
∆ N 0.001 0.000 0.000 0.000 0.000 0.000 
∆ RL -0.007 0.017 -0.006 -0.004 0.005 0.017 
 
Table 6.3: Floor plan scan—coordinate comparisons 
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6.5  Tunnel scan 
 
Target 1 was used as the datum point and the coordinate systems were aligned vide the 
control baseline between Target 2 and Target 4 with horizontal distance values as follows: 
 
Control Survey  43.766m 
Scene Target-based  43.771m  Scene Targetless  43.775m 
Realworks Target-based 43.773m Realworks Targetless  43.775m 
Recap Target-based  43.779m Recap Targetless  43.776m 
 
 
Refer to Figure 5.5 in Chapter 5 for the position of each control station 
 
 
  
REGISTRATION 
METHOD 
SCENE 
TB 
SCENE 
TL 
TRW 
TB 
TRW 
TL 
RECAP 
TB 
RECAP 
TL 
Point ID Deltas 2 3 4 5 6 7 
K
IL
N
 T
U
N
N
E
L
 S
U
R
V
E
Y
 
T1 
∆ E 0.000 0.000 0.000 0.000 0.000 0.000 
∆ N 0.000 0.000 0.000 0.000 0.000 0.000 
∆ RL 0.000 0.000 0.000 0.000 0.000 0.000 
T2 
∆ E -0.002 -0.004 -0.002 0.002 0.000 0.013 
∆ N 0.000 0.001 0.000 0.000 0.000 -0.005 
∆ RL -0.002 0.011 -0.002 0.003 -0.002 0.014 
T3 
∆ E -0.003 0.006 -0.003 -0.001 -0.006 0.013 
∆ N 0.002 -0.026 0.002 -0.002 0.000 -0.002 
∆ RL 0.005 -0.016 -0.017 0.014 -0.001 -0.030 
T4 
∆ E -0.006 -0.012 -0.008 -0.007 -0.013 0.003 
∆ N -0.001 0.000 -0.001 -0.001 -0.002 -0.006 
∆ RL 0.005 -0.012 -0.006 0.015 -0.003 -0.073 
T5 
∆ E -0.005 -0.010 -0.007 -0.006 -0.009 -0.001 
∆ N -0.003 -0.006 -0.004 -0.008 -0.006 0.004 
∆ RL 0.006 -0.013 -0.007 0.013 0.001 -0.027 
T1-Close 
∆ E 0.000 -0.007 -0.001 -0.002 0.001 0.014 
∆ N 0.000 -0.003 0.001 -0.014 -0.001 0.006 
∆ RL -0.001 0.003 -0.011 0.003 -0.001 0.007 
 
Table 6.4: Tunnel scan—coordinate comparisons 
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6.6  Commercial roof scan 
 
Refer to Figure 5.6 in Chapter 5 for the position of each control station 
See below comparison table for baseline data 
 
  
REGISTRATION 
METHOD 
SCENE 
TB 
SCENE 
TL 
TRW 
TB 
TRW 
TL 
RECAP 
TB 
RECAP 
TL 
Point ID Deltas 2 3 4 5 6 7 
C
O
M
M
E
R
C
IA
L
 R
O
O
F
 S
U
R
V
E
Y
 
T1 
∆ E -0.005 -0.002 -0.003 -0.018 -0.003 -0.002 
∆ N -0.007 -0.023 -0.013 -0.008 -0.005 0.005 
∆ RL 0.002 0.002 0.003 0.099 0.001 0.009 
T2 
∆ E -0.008 -0.011 -0.006 -0.022 -0.002 0.013 
∆ N 0.007 0.062 0.004 -0.010 0.004 0.018 
∆ RL 0.012 0.832 -0.009 0.004 0.004 0.096 
T3 
∆ E 0.000 0.000 0.000 0.000 0.000 0.000 
∆ N 0.000 0.000 0.000 0.000 0.000 0.000 
∆ RL 0.000 0.000 0.000 0.000 0.000 0.000 
T4 
∆ E -0.006 0.023 -0.002 -0.009 -0.006 0.005 
∆ N 0.005 0.031 0.004 -0.006 0.000 0.003 
∆ RL 0.006 0.533 -0.003 -0.060 0.005 0.097 
T5 
∆ E 0.005 0.035 0.002 -0.006 -0.002 0.068 
∆ N 0.006 -0.003 0.006 -0.001 0.003 0.002 
∆ RL 0.013 0.067 -0.015 -0.201 0.020 0.589 
T6 
∆ E 0.001 0.038 0.002 -0.004 0.000 0.027 
∆ N 0.007 -0.001 0.006 0.005 0.000 -0.004 
∆ RL 0.008 0.076 -0.006 -0.166 0.013 0.466 
T7 
∆ E 0.003 0.013 -0.003 0.003 -0.008 0.025 
∆ N 0.006 0.010 0.004 0.003 0.004 -0.008 
∆ RL -0.009 0.027 0.011 -0.102 0.000 0.349 
T8 
∆ E 0.005 0.030 0.002 0.005 -0.004 0.116 
∆ N -0.006 -0.012 -0.004 -0.014 -0.003 -0.019 
∆ RL 0.002 0.074 0.002 -0.132 0.014 0.857 
T9 
∆ E 0.005 0.028 0.000 0.001 -0.009 0.056 
∆ N -0.008 -0.024 0.000 0.000 -0.004 0.002 
∆ RL 0.013 0.123 -0.010 -0.356 0.037 1.428 
 
Table 6.5: Commercial roof scan—coordinate comparisons 
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Target 3 was used as the datum point and the coordinate systems were aligned vide the 
control baseline between Target 3 and Target 9 with horizontal distance values as follows: 
 
Control Survey  116.773m 
Scene Target-based  116.767m  Scene Targetless  116.742m 
Realworks Target-based 116.773m Realworks Targetless  116.772m 
Recap Target-based  116.782m Recap Targetless  116.717m 
 
 
 
 
 
 
 
 
 
 
6.7  Wharf monitor scan 
 
 
Target 2 was used as the datum point and the coordinate systems were aligned vide the 
control baseline between Target 2 and Target 10 with horizontal distance values as 
follows: 
 
 
Control Survey  198.198m 
Scene Target-based  198.191m  Scene Targetless  198.204m 
Realworks Target-based 198.195m Realworks Targetless  198.178 m 
Recap Target-based  198.205m Recap Targetless  198.206m 
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Refer to Figure 5.10 in Chapter 5 for the position of each control station 
 
 
  
REGISTRATION 
METHOD 
SCENE 
TB 
SCENE 
TL 
TRW 
TB 
TRW 
TL 
RECAP 
TB 
RECAP 
TL 
Point ID Deltas 2 3 4 5 6 7 
W
H
A
R
F
 M
O
N
IT
O
R
 S
U
R
V
E
Y
 
T1 
∆ E 0.004 0.010 0.006 -0.027 0.006 -0.056 
∆ N -0.003 -0.005 -0.003 -0.020 0.000 0.024 
∆ RL 0.005 0.005 0.005 0.005 0.006 0.076 
T2 
∆ E 0.000 0.000 0.000 0.000 0.000 0.000 
∆ N 0.000 0.000 0.000 0.000 0.000 0.000 
∆ RL 0.000 0.000 0.000 0.000 0.000 0.000 
T3 
∆ E -0.001 -0.006 -0.001 0.025 0.000 0.036 
∆ N 0.001 -0.002 0.002 0.006 0.000 0.022 
∆ RL 0.002 0.004 0.004 0.016 0.004 -0.064 
T4 
∆ E -0.003 -0.015 -0.001 0.012 0.003 0.085 
∆ N 0.002 0.002 0.002 0.004 0.001 -0.005 
∆ RL 0.005 0.019 0.005 0.037 0.007 -0.081 
T5 
∆ E 0.000 -0.014 0.001 0.014 0.003 0.085 
∆ N 0.004 0.015 0.001 0.019 0.001 0.006 
∆ RL 0.004 0.018 0.002 -0.002 0.001 -0.075 
T6 
∆ E -0.004 -0.013 -0.001 -0.006 -0.002 0.042 
∆ N 0.006 0.003 0.002 0.013 -0.003 -0.041 
∆ RL 0.004 0.068 0.005 0.066 0.038 -0.076 
T7 
∆ E -0.003 -0.001 0.002 -0.001 -0.003 0.008 
∆ N 0.007 -0.001 0.002 0.012 -0.002 -0.025 
∆ RL 0.009 0.134 0.008 0.073 0.070 -0.030 
T8 
∆ E -0.004 -0.005 0.001 0.000 -0.006 0.005 
∆ N 0.008 -0.004 0.003 0.024 0.000 -0.010 
∆ RL 0.008 0.142 0.007 0.030 0.080 -0.004 
T9 
∆ E 0.000 0.002 0.005 -0.009 -0.002 0.003 
∆ N 0.008 -0.003 0.002 0.015 -0.004 -0.020 
∆ RL 0.006 0.212 0.006 0.097 0.109 0.056 
T10 
∆ E 0.003 0.008 0.007 -0.011 -0.003 -0.003 
∆ N 0.006 -0.009 0.001 0.025 -0.007 -0.007 
∆ RL 0.005 0.287 0.004 0.066 0.156 0.160 
 
Table 6.6: Wharf monitor scan—coordinate comparisons 
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6.8  Conclusion 
 
 
The coordinate comparisons tabulated in this chapter support the initial conclusions 
offered in Chapter 5.  
 
From a target-based perspective, the results obtained from both FARO Scene and Trimble 
Realworks show close alignment to the control stations with Scene offering a slightly 
more accurate vertical result as seen in Table 6.2 and Table 6.4. The results obtained from 
Autodesk Recap are somewhat less reliable especially in the z-axis for the outdoor 
scenarios. For the indoor scenarios, however, Recap offers a comparable accuracy to both 
Scene and Realworks. 
 
From a targetless perspective, one can see a decrease in the accuracies achieved especially 
regarding vertical displacement. This can be seen across all the scenarios tabulated above 
to varying degrees. The outdoor scenarios with the open-ended scanning traverses give 
the least-accurate results. 
 
The following chapter will give the final conclusions and recommendations concerning 
use of targetless registration for surveying applications.  
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CHAPTER 7 
 
ANALYSIS, RECOMMENDATIONS AND CONCLUSIONS 
 
7.1 Introduction 
 
Vigorous testing has been carried out over six surveying scenarios to determine the 
accuracies achieved by targetless point cloud registration compared with target-based 
registration. Three common point cloud processing software programs were utilized to 
undertake this project amounting to a total of six data sets for each scenario giving a total 
of thirty-six data sets tested. A total of forty-five extracted targets spread over the six 
scenarios were compared to previously measured control stations. 
 
This chapter will give the final conclusions and recommendations regarding the validity 
of targetless registration as an option for the processing of TLS surveys. First, collated 
results presented in the form of pie charts will give the reader an idea of the accuracies 
achieved as a percentage of total points extracted. This will be done for both horizontal 
and vertical displacement. The same methodology will also be used to show the software-
specific accuracies achieved in order to determine whether one processing software 
performs a better registration over another. Third, a basic time / benefit analysis will be 
given comparing target-based and targetless methodologies. Fourth, practical 
recommendations will be given in undertaking TLS surveys. Fifth, special mention will 
be given to possible future research opportunities that can build upon this experimental 
project. Finally, overall conclusions will be given based on the results achieved. 
 
The results from the previous chapters have been collated in the following charts to 
visually display the combined accuracies achieved across all scenarios tested. As with 
previous tables, a ten millimetre benchmark was chosen as the initial accuracy parameter. 
Taking into account possible incremental registration tensions and potential TLS errors 
sources, a ten millimetre tolerance for individual points extracted from a fully registered 
point cloud represents, in the author’s opinion, a good survey accuracy. Points falling 
within this ten millimetre displacement parameter can be considered to be representative 
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of real-world conditions. Extracted points that show a displacement between eleven and 
twenty-five millimetres can still be considered survey accurate provided the end 
deliverable for the extracted features allows a greater tolerance for the data presented. 
Any extracted points with a confirmed displacement greater that twenty-five millimetres 
should be noted and the point cloud registration results examined closer. Point cloud data 
used from this accuracy parameter should be only used with caution. Any extracted points 
with a displacement greater than fifty millimetres should, in the author’s opinion, be 
rejected as they fall far outside the original intention of a TLS survey.  
 
The charts following show displacement as a percentage of extracted points falling with 
the above-mentioned accuracy parameters. 
 
7.2  Combined horizontal registration accuracies 
 
The first chart (Figure 7.1) shows the combined horizontal accuracies achieved across all 
eighteen of the target-based, fully registered point clouds. Very tight tolerances were 
achieved, with all the extracted control stations showing a horizontal displacement from 
the total-station measured datum of less than twenty-five millimetres. Of this extracted 
data, ninety-four percent fell within the most accurate parameter showing less than ten 
millimetre horizontal displacement. This result proves that, over a great cross-section of 
scanning scenarios, target-based registration methodologies allow extremely close 
horizontal correlation to the real-world objects / features scanned.  
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Figure 7.1: All scenarios target-based horizontal accuracy 
 
 
Figure 7.2: All scenarios targetless horizontal accuracy 
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Figure 7.2 above shows the total horizontal displacement of the remaining eighteen point 
clouds realized utilizing the targetless registration methodology. Straight-away, one can 
see the percentage of points within the tightest accuracy parameter falls from ninety-four 
to fifty-four percent with over a four-fold increase to the number of extracted points 
within the second accuracy parameter of eleven to twenty-five millimetres. A total of 
eighteen percent of the extracted data fell outside normal survey accuracies with six 
percent being unusable from a quality control perspective. 
 
7.3  Combined vertical registration accuracies 
 
Figure 7.3 below shows the combined vertical accuracies achieved across all eighteen of 
the target-based, fully registered point clouds. The chart is slightly skewed due to the poor 
performance of Autodesk Recap for the target-based registration of the wharf monitor 
survey as was previously shown in Table 5.75 in Chapter 5. This accounts for the five 
percent of extracted data with over twenty-five millimetre displacement from the control 
datum. Of the seventeen remaining point clouds, all points extracted show a vertical 
displacement within survey accuracies. Thirteen percent of points fall within the second 
accuracy tier while eighty-two percent show a vertical displacement of less than ten 
millimetres from the control datum. 
 
Figure 7.3: All scenarios target-based vertical accuracy 
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Figure 7.4 below shows the vertical displacement of the combined extracted points from 
the targetless registered point clouds. Again, there is a significant lowering of accuracies 
achieved utilizing targetless registration tools. The most accurate parameter of zero to ten 
millimetres has seen a decrease from eighty-two percent achieved in the target-based 
registrations to just thirty-one percent here.  
 
A sub-ten millimetre point cloud displacement should be the desired outcome for TLS 
applications horizontally as well as vertically. The combined targetless results show that 
almost seven out of ten points fall vertically outside the highest accuracy parameter of ten 
millimetres. What is most alarming, though, is that forty-four percent of all the points 
extracted fall outside survey accuracies (above twenty-five millimetres) in the z-axis 
when compared to the control datum. 
 
 
Figure 7.4: All scenarios targetless vertical accuracy 
 
 
For scenario-specific accuracy charts consult Appendix D. 
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7.4  Processing software accuracies 
 
It was shown in Chapters 5 and 6 that Autodesk Recap generally achieved lesser 
accuracies than FARO Scene and Trimble Realworks. This was especially noticeable in 
the outdoor scanning traverses. The diminishing accuracies extracted from the Recap 
registered point clouds can lead one to question whether the results obtained from Recap 
skewed the data shown in the preceding charts. To a small degree this is true, so it would 
be beneficial before reaching any final conclusions to collate only software specific 
extracted accuracies to determine whether one or more of the software programs tested 
can give survey accurate results for a fully registered point cloud. 
 
The charts following show the accuracies achieved from a solely software-specific 
perspective. As with all the testing undertaken for this project, the results are from 
identical scans, using identical control stations evenly dispersed throughout each point 
cloud. Each chart is based on results obtained from six registered point clouds that passed 
each software’s internal quality control measures. 
 
Again, there is a distinct trend emerging whereby the accuracies of the control stations 
extracted diminish when using targetless methodologies. There was not one scenario 
tested where targetless registration achieved more accurate results than target-based 
registration. Some scenarios were closer than others. The floor-plan and tunnel scans 
generally obtained results close to the target-based accuracies, but there was always an 
additional displacement observed in the final data. 
 
The overall trend observed is that targetless registration leads to a slightly less horizontal 
accuracy achieved, but a greater (sometimes quite significant) inaccuracy occurred in the 
z-axis for every scenario tested across each of the three software packages. 
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In the following commentary on each software package, special emphasis will be given 
to survey accurate results. As stated above, an extracted control station from a registered 
point cloud can be considered survey accurate if the displacement from the true value of 
that point is twenty-five millimetres or less. Ideally, one should aim for a displacement 
of ten millimetres or less for high accuracy deliverables, but for the purpose of this 
comparison twenty-five millimetres gives a generous cut-off for survey quality data. 
 
FARO Scene: 
 
Figures 7.5 to 7.8 shown below give the overall results obtained from Scene.  
 
From a target-based perspective, Scene is extremely accurate horizontally with one 
hundred percent of the extracted stations within ten millimetres of the control datum. 
There is a slight diminishing of accuracy in the z-axis, but, again, one hundred percent of 
the extracted points are survey accurate with ninety-one percent of the stations ten 
millimetres or less from the control datum. Scene showed the greatest accuracy for target-
based registration just ahead of Trimble Realworks. 
 
From a targetless perspective, Scene is still generally horizontally accurate with eighty-
three percent of the extracted stations being survey accurate. There is a significant drop 
in sub-ten millimetre horizontal accuracy from one hundred percent in the target-based 
method to fifty-seven percent using targetless registration, but the majority of the data is 
usable. Seventeen percent of the points extracted, though, fell outside of survey accuracy. 
Vertically, the results from Scene show a significant diminishing of accuracy from target-
based to targetless registration methods. Target-based registration shows no stations 
falling outside survey accuracy, but this rises to forty-one percent of all the targetless 
registered points extracted falling outside the survey accuracy limits listed above. Of that 
forty-one percent, twenty-four percent showed a vertical displacement greater than fifty 
millimetres from the control datum. 
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Trimble Realworks: 
 
Though Realworks provided the marginally higher targetless accuracies out of the three 
software packages tested, one can still see a similar trend displayed of the additional 
displacement realized through targetless registration.  
 
Figures 7.9 to 7.12 shown below give the overall results extracted from Realworks. 
 
From a target-based perspective, one hundred percent of extracted points were 
horizontally within survey accuracy with ninety-eight percent achieving a sub-ten 
millimetre classification. Vertically, ninety-six percent of the extracted stations were 
within survey accuracy with eighty-one percent showing less than ten millimetre vertical 
displacement from the control datum. Four percent of all the stations extracted fell within 
the twenty-six to fifty millimetre range. 
 
The targetless accuracies achieved show a slightly diminishing horizontal accuracy, but 
a more significant drop in vertical accuracy. Horizontally, ninety-one percent of the 
extracted points were within survey accuracies with a fall of sub-ten millimetre points 
from ninety-eight percent to sixty-one percent. Looking at the vertical displacement 
observed, one can see that sixty-one percent of the extracted stations were within survey 
accuracy. Of the remaining thirty-nine percent of points that fell outside the accuracy 
parameters listed above, a total of twenty-four percent showed a vertical displacement 
greater than fifty millimetres.  
 
Autodesk Recap: 
 
Recap consistently performed the worse of the three software packages tested. It achieved 
comparable horizontal results to the other two packages for the scenarios processed using 
target-based methodologies, but for all the scenarios tested Recap had a consistently 
increasing vertical displacement over Scene and Realworks—target-based as well as 
 
112 
 
targetless. It is the author’s opinion that Recap (as at the current 2016 edition) should only 
be used to manipulate already registered point clouds, something for which it proves quite 
useful.  
 
Figures 7.13 to 7.16 shown below give the overall results extracted from Recap. 
 
Using Recap’s target-based registration tool, one hundred percent of the extracted stations 
fell horizontally within survey accuracy with eighty-one percent giving sub-ten 
millimetre results. Vertically, eighty-five percent of the extracted points were within 
survey accuracy. Of this eighty-five present, seventy-two percent showed a horizontal 
displacement of less than ten millimetres. This is less than Scene at ninety-one percent 
and Realworks at eighty-one percent. 
 
From a targetless perspective, only forty-six percent of the horizontal displacement is sub-
ten millimetre with a total of seventy-two percent being under the accuracy cut-off of 
twenty-five millimetres. It’s in the z-axis of the targetless registered stations, though, that 
one can see the largest displacement. Of all the points extracted, only twenty-six percent 
displayed a vertical displacement of less than ten millimetres from the control datum. 
Only fifty percent of the points were within vertical survey accuracy, and of the remaining 
fifty percent that fell outside the survey tolerances a total of thirty-nine percent showed 
displacement in the z-axis greater than fifty millimetres. 
 
As TLS is a three dimensional tool, both horizontal and vertical displacement needs to be 
taken into account in assessing the accuracy of any point cloud registration process. The 
software-specific results referenced above and displayed in the charts below show that 
although targetless registration tools may achieve comparable horizontal results to target-
based methodologies with only a slight diminishing of accuracies, the significantly 
increased vertical displacement for the same points warrants a legitimate questioning of 
each software’s capabilities (for the editions tested) of targetless registration 
methodologies. 
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           Figure 7.5: Combined Scene target-based horizontal accuracy                                  Figure 7.6: Combined Scene targetless horizontal accuracy 
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             Figure 7.7: Combined Scene target-based vertical accuracy                                      Figure 7.8: Combined Scene targetless vertical accuracy 
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        Figure 7.9: Combined Realworks target-based horizontal accuracy                       Figure 7.10: Combined Realworks targetless horizontal accuracy 
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        Figure 7.11: Combined Realworks target-based vertical accuracy                           Figure 7.12: Combined Realworks targetless vertical accuracy 
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        Figure 7.13: Combined Recap target-based horizontal accuracy                               Figure 7.14: Combined Recap targetless horizontal accuracy 
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           Figure 7.15: Combined Recap target-based vertical accuracy                                   Figure 7.16: Combined Recap targetless vertical accuracy
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7.5  Time / benefit analysis 
 
One of the greatest perceived benefits of targetless point cloud registration is the field-
work time savings realized by not placing artificial targets in the scanning environment. 
Any scenario where the user can simply move the scanner not worrying about maintaining 
sufficient target overlap or geometry is a significant time-saver. However, does the 
increased processing needed following coarse alignment failure, as was realized in the 
majority of the scenarios tested, negate the field-work time savings achieved? What 
follows is a basic time / benefit analysis of scenarios tested. 
 
An analysis of any targetless benefits for Autodesk Recap is not needed due to the 
significant amount of time target-based registration requires in the software. Each 
artificial target needs to be isolated manually with identical target identifiers for each 
target measured from overlapping scans. Even at a minimum of four overlapping targets 
per scan, hours could be spent for any scanning scenario greater than fifty scans. 
Alternatively targetless processing in Recap was quick and cluster to cluster alignment 
user friendly. With diminished accuracies aside, targetless processing in Recap was time-
efficient, generally taking one-fifth of the time of target-based processing. 
 
FARO Scene and Trimble Realworks showed comparable processing times for both 
methods tested. Scene allowed for slightly faster initial data loading and automatic target 
extraction, while Realworks seemed to register the data slightly quicker than Scene. For 
the purpose of this time / benefit analysis, an average of both Scene’s and Realworks’ 
processing times have been given. 
 
The value assigned to targetless fieldwork in Table 7.2 below is a conservative estimate 
based on the author’s experience with laser scanning and the times generally needed to 
plan and manoeuvre targets within the survey zone. 
 
  
120 
   
TARGET-BASED REGISTRATION TIMES IN HOURS 
Scenario HF QP FP T CR WM 
 
Fieldwork 18 10 6 6 12 6 
Loading data 1 0.75 0.5 0.5 1 0.5 
Target extraction 0.75 0.5 0.5 0.5 0.75 0.5 
Additional edits 0.25 0.5 0.25 0 0.5 0 
Registration 0.5 0.5 0.25 0.25 0.5 0.25 
Checks & QA 0.5 0.5 0.5 0.5 0.5 0.5 
 
Total Hours 21 12.75 8 7.75 15.25 7.75 
Table 7.1: Target-based registration times 
 
HF = Heritage Façade survey      QP = Quarry plant survey      FP = Floorplan survey 
T = Tunnel survey      CR = Commercial roof survey      WM = Wharf monitor survey 
 
TARGETLESS REGISTRATION TIMES IN HOURS 
Scenario HF QP FP T CR WM 
 
Fieldwork 15 8 4 4 10 4.5 
Loading data 1 0.75 0.5 0.5 1 0.5 
Coarse alignment 0.5 0.25 0.25 0.25 0.5 0.25 
Extra processing 1.5 2 0.5 0.75 4.5 2.5 
Fine Registration 0.25 0.25 0.25 0.25 0.25 0.25 
Checks & QA 1 1 1 1 1 1 
 
Total Hours 19.25 12.25 6.5 6.75 17.25 9 
Table 7.2: Targetless registration times 
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One can see that for the majority of scenarios there was not a significant decrease in the 
total amount of time spent, and in two cases the workload increased due to targetless 
processing. However, both of the indoor scanning scenarios realized time savings 
utilizing targetless registration methodologies. The following table displays the time 
savings as a percentage of the total target-based registration time. 
 
 
TARGETLESS TIME SAVINGS ACHIEVED 
Scenario HF QP FP T CR WM 
 
Target-based hours 21 12.75 8 7.75 15.25 7.75 
Targetless hours 19.25 12.25 6.5 6.75 17.25 9 
 
% Time Saved 8% 4% 19% 13% -13% -16% 
Table 7.3: Targetless time savings achieved 
 
 
Looking closely at the total targetless hours noted in Table 7.2, one can see that a major 
factor in negating the benefit of targetless registration is the sometimes significant 
additional processing involved when the software’s initial coarse alignment is wrong or 
inconclusive. This was realized less in the indoor scanning scenarios. All the outdoor 
scans, however, required manual alignment, to varying degrees, of the individual point 
clouds before a finer registration step could be initialized. This task of aligning individual 
scans, one at a time, proved quite time-consuming. 
 
It is anticipated as point-cloud processing software improves and develops, there will be 
a significant decrease in the additional times required to manually align a faulty coarse 
registration. Out of curiosity, if the additional processing times in Table 7.2 were reduced 
to a nominal value of a quarter of an hour in anticipation of improved future software 
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editions, the overall time savings realized through targetless methodologies could 
increase significantly. Potential individual time savings are shown for each scenario in 
Table 7.4.  
 
TARGETLESS TIME SAVINGS WITHOUT  
ADDITIONAL COARSE ALIGNMENT PROCESSING 
Scenario HF QP FP T CR WM 
 
Target-based hours 21 12.75 8 7.75 15.25 7.75 
Targetless hours 18 10.5 6.25 6.25 13 6.75 
 
% Time Saved 14% 18% 22% 19% 15% 13% 
Table 7.4: Time savings without additional targetless processing 
 
Taking an average of the results, improved targetless registration processing could 
achieve a time saving of around seventeen percent compared to identical target-based 
surveys.  
 
As it currently stands, though, with the software editions tested, there are at best minimal 
time savings available for outdoor scanning scenarios. Indoor targetless scanning surveys, 
however, offer a possible means to increase the productivity of the scanning workflow 
provided a slight diminishing of final point cloud accuracy is accepted in light of the 
overall targetless results tabulated earlier in the chapter. 
 
7.6  Recommendations 
 
The following recommendations focus on five key areas. These recommendations are 
supported by the testing carried out for this project, the results achieved, the literature 
review in Chapter 2 and the general TLS experience of the author, 
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Recommendations for the use of targetless methodologies: 
 
As software develops, it is anticipated that targetless registration methods will become 
more mainstream and accepted, eventually replacing target-based registration as the 
predominant point cloud processing method. Theoretically, targetless processing should 
allow greater final accuracies due to the many millions of points used in the adjustment 
process compared with the limited points extracted through target-based processing. 
However, the testing undertaken in this project shows that the relatively new method of 
targetless processing diminishes overall accuracy of the fully registered point cloud. For 
the scenarios tested, on average there was a slightly greater horizontal displacement 
realized but a significantly noticeable vertical displacement compared with known control 
points. The author of this project recommends caution to be exercised in the use of 
targetless technologies until it can be proven through vigorous testing that targetless 
methods of point cloud processing achieve the survey accuracies required for most TLS 
engagements. That is not to say targetless processing does not have a place in present 
TLS applications. At a bare minimum, though, a presupposed caution should be enacted 
upon in utilizing the emerging technology. 
 
The results achieved for the six scenarios tested in this project suggest that targetless 
processing tools could still be utilized, with a slight increased inaccuracy, in the following 
situations: 
 Scenarios with less stringent vertical accuracies (i.e. virtual tourism, marketing, 
2D deliverable surveys, low LOD surveys, etc.). 
 Indoor scans with a good amount of distinct objects / surfaces for both horizontal 
and vertical point matching. 
 Scenarios with a closed scanning traverse. 
 Small-scale scanning scenarios with high levels of overlap. 
 Single-storey scanning scenarios. 
Whatever processing methodology is used, whether targetless or target-based, one of the 
most important recommendations that can come out of this project is the need for 
independent quality control checks against the final registered point cloud. This is usually 
done through total station measurements of distinct objects / targets in the point cloud. It 
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must be emphasized that these traditional check measurements need to be well dispersed 
throughout the scanning environment especially in open-ended scanning traverses. It is 
of no benefit to eventually realize a registered point cloud is only fifty percent within 
survey accuracies and not have an understanding where inaccuracy was introduced into 
the registration process. Well dispersed check measurements allow a progressive 
evaluation of the registration and will highlight areas of concern to be investigated / 
rectified. The need for a good quality control system was consistently reinforced in the 
scenarios tested in this project where the software package’s final quality statistics 
suggested sub-ten millimetre accuracies and the point clouds appeared visually aligned 
with no data steps, spikes etc., but the check against known control points highlighted 
both horizontal and vertical inaccuracies of the finished product. The final responsibility 
of the accuracy of the final registered point cloud or the data extracted from that point 
cloud is the user’s, not the software’s. As stated in Chapter 2 each software’s terms and 
conditions of use disclaim the liability arising from inaccurate data being obtained / used 
regardless of stated statistical results achieved in the software. The user alone is 
responsible for final accuracies of a registered point cloud and the initial data extracted 
from that point cloud.  
 
Recommendations for the surveying industry: 
 
At present, there is a lack of national or international standards regarding the use of TLS 
in the surveying field. It would be beneficial if industry-wide guidelines and categories 
of final achieved accuracies were developed. In traditional surveying measurements there 
are the principles of class, order and confidence intervals. Something similar could be 
applied to the points extracted from a point cloud based on agreement with the 
independent checks measured throughout the point cloud. The end result could be a one-
page quality report listing the level of final accuracy, the number of check measurements 
taken and a final deliverable ranking of the data akin to LOD for any future use of the 
data. This would safeguard against utilizing the point cloud for situations requiring higher 
levels of accuracy than what was originally achieved. Not only would the report be filed 
on record with the other data, it could also form part of the final deliverable given to a 
client as a point of reference for accuracies achieved. 
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There can be a general misunderstanding of those who engage surveyors for TLS in 
equating the millimetre or sub-millimetre precision capabilities of the scanner with final 
achievable millimetre or sub-millimetre accuracies. Under laboratory conditions this may 
be realized, but in normal surveying TLS applications final accuracy will almost never 
equal the precision available from a scanner. Though possibly incredibly miniscule 
scanner errors, atmospheric errors, user errors, measurement errors, noise errors, 
reflectivity errors and registration errors can at times culminate in a final accuracy many 
times greater than the precision capabilities of the instrument. It is believed by the author 
that, at best, a fully registered point cloud made up of multiple scans could have an 
accuracy within five millimetres of it’s true value and any accuracies quoted under that 
value (for multiple registered scans, not single scans) can be misleading to a client. A 
benchmark of ten millimetre displacement from a point’s true value has been used in this 
project as the highest tier of accuracy and is a more realistic indication of a fully registered 
point cloud consisting of multiple scans as is the case for the majority of surveying 
applications. A recommendation for a surveying firm in offering prospective TLS 
services is to communicate realistic achievable accuracies to clients who may unwittingly 
confuse scanner precision with scanning accuracy. 
 
A further recommendation for the surveying industry as a whole is to implement a 
registration type process for those undertaking TLS surveys as part of a surveying 
business. It need not be a cumbersome or overly restrictive registration, but there should 
be in place something to guarantee to the client / community at large that those 
undertaking the work are professional and have the required knowledge and experience 
of the scanning process from start to finish. Such a foundation already exists for cadastral 
surveyors, engineering surveyors, mine surveyors, hydrographic surveyors and those 
operating unmanned aerial vehicles (UAV). At present, there is no basic level of 
competency required to undertake TLS surveys. 
 
A final recommendation regarding general TLS survey applications is for the surveying 
industry, through its respective boards and institutes, to enforce some form of legal 
traceability for scanner calibration. The Trimble TX-5 used by the author in this project 
is annually sent to Singapore for calibration. An example of the received calibration 
certificate is found in Appendix C. There is no mention of individual component errors 
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corrected, constants applied or a final instrument accuracy achieved. The calibration 
certificate simply states that the scanner arrived “out of tolerance” and was returned “in 
tolerance”. There are no quantitative results given such as may be seen in a total station 
calibration certificate and therein lies the potential problem. The owner of the scanner is 
essentially taking the word of a non-independent supplier that a significant piece of 
hardware is within survey tolerances while no quantitative results are given to support 
this conclusion. It is therefore recommended, as a bare minimum, that upon receipt of a 
newly calibrated instrument a basic test be developed to quantify the “in tolerance” nature 
of the scanner. Targets should be placed at varying elevations and distances from the 
scanner and checked against known control measurements. This baseline survey, similar 
to what’s annually completed for GNSS, should be filed in the surveying firm’s quality 
system. 
 
Recommendations for software developers: 
 
The results from the six scenarios tested show the greatest challenge for targetless 
registration is vertical displacement especially for open-ended scanning traverses. A key 
recommendation for processing software developers is to design and rigorously 
experiment, using real-world surveying scenarios, iterative closest point (ICP) 
registration algorithms that minimize vertical distortion scan to scan throughout the 
scanning traverse.  
 
A secondary recommendation for software developers is for the software user to have 
options in choosing what registration algorithm is used to align the scan data. In Chapter 
2 mention was made of the various developments on the ICP registration algorithms that 
align data based on differing characteristics that may exist in the scan data. Targetless 
registration algorithms based either on horizontal and vertical plans, vertical planes only, 
object / surface reflectance levels, distance based grid-filters, or tie-in points created from 
intensity images, etc. may allow a more accurate registration over another in certain 
scenarios. For example, the algorithm used to most accurately align a long narrow 
corridor may be different from one used to align the different scans of a façade. If the 
software user had a choice of targetless algorithms, a more accurate final result may be 
achieved based on the perceived strengths of a particular algorithm over another. 
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Recommendation for training opportunities 
 
A final recommendation is that adequate training be available to those engaged in TLS 
applications and software use. This author’s early experience was largely one of on-the-
job training based on trial and error. Something as simples as a short beginner’s course 
for those embarking on TLS activities that describes scanning workflows, fieldwork 
theory, registration theory, accuracies achieved, software tools to utilize, previous 
mistakes made, etc. would be valuable for the surveying industry and develop the 
professionalism of the field. Universities and further education facilities could play a part 
in developing semester-long courses on emerging surveying technologies of which TLS 
is part. A regular publication or dedicated section within an already existing surveying 
publication that focuses on TLS relating to the surveying filed would also be valuable to 
those already engaged in the profession as would the opportunity to enhance professional 
development through TLS seminars. 
 
7.7  Further research 
 
As stated in Chapter 3 the software editions tested in this project were FARO Scene 5.4, 
Trimble Realworks 8.1 and Autodesk Recap 2016. It is anticipated as targetless 
registration tools improve with each new edition, further testing using similar 
methodologies described in this paper will be needed to confirm targetless registration 
accuracy. This same methodology could also be tested across other software packages. 
 
Further research could be made as to whether the placing artificial targets within 
overlapping scans adds additional well-defined surfaces that would help the targetless 
algorithm. Initial, preliminary testing (Table 7.5) of processing the wharf monitor scans, 
with the sphere targets present, through targetless methodologies was carried out in 
Scene. No improvement to vertical accuracy for the later scans of the narrow open-ended 
traverse was realized. Further research could test whether placing plane-based artificial 
targets in overlapping scans helps minimize vertical displacement in targetless 
registration.
    
1
2
8
 
 
WHARF MONITOR    
SCN TL WITH TP 
HORIZONTAL DISTANCE DELTAS 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 
H
EI
G
H
T 
D
IF
FE
R
EN
C
E 
D
EL
TA
S 
T1   -0.001 -0.003 -0.006 -0.001 -0.005 -0.002 0.004 -0.001 0.005 
T2 -0.005   -0.003 -0.005 0.000 -0.003 0.001 0.005 0.002 0.006 
T3 -0.001 0.004   -0.002 0.000 -0.003 -0.002 0.002 -0.001 0.001 
T4 0.004 0.009 0.005   -0.001 -0.002 -0.002 -0.001 -0.001 -0.001 
T5 -0.002 0.003 -0.001 -0.006   0.002 0.005 0.006 0.006 0.007 
T6 0.062 0.068 0.064 0.059 0.064   -0.002 -0.002 0.000 -0.002 
T7 0.129 0.134 0.130 0.125 0.131 0.067   0.003 0.001 0.001 
T8 0.137 0.142 0.138 0.133 0.139 0.074 0.008   0.002 0.001 
T9 0.206 0.212 0.208 0.202 0.208 0.144 0.077 0.069   -0.001 
T10 0.281 0.287 0.283 0.277 0.283 0.219 0.152 0.144 0.075   
Table 7.5: Wharf monitor scan—Scene targetless registration of scans containing spheres 
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A further research opportunity available is to experiment whether geo-referencing a fully 
registered targetless point cloud helps reduce overall displacement especially in the z-
axis. The results of the targetless testing undertaken show that generally horizontal 
displacement is slight with vertical displacement more pronounced moving from scan to 
scan in the traverse. Geo-referencing the final point cloud would only slightly adjust the 
horizontal displacement observed between control points and may force the scans to align 
better vertically based on the match between the control points and their respective point 
cloud positions evenly dispersed throughout the point cloud. 
 
7.8  Conclusion 
 
The overall aim of this project was to vigorously test and compare the accuracy of point-
cloud registration between target-based and targetless processing methodologies across 
three point-cloud software packages—Faro SCENE, Trimble Realworks and Autodesk 
RECAP.  
 
This project was largely field-work based and experimental in nature and by testing across 
a good cross-section of survey scanning scenarios, it was demonstrated that targetless 
point cloud registration has its limitations in accurately portraying certain real-world 
conditions especially in regard to vertical displacement. Though possibly suited to some 
limited surveying scenarios, any targetless registration should be accompanied by 
vigorous quality control and field-based traditional check measurements to support user 
confidence of the data obtained. No surveyor wants to be in the position of potentially 
suppling inaccurate point cloud data to a client for design purposes only to find that the 
extracted and design data does not match existing real-world conditions.  
 
Based on the results achieved in this paper, a cautionary approach to targetless registration 
tools, as they presently stand, is wise until it can be proven across varied scenarios that 
targetless registration has a comparable accuracy to its target-based counterpart. 
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APPENDIX A 
 
PROJECT SPECIFICATION 
University of Southern Queensland 
FACULTY OF ENGINEERING AND SURVEYING 
Eng 4111/4112 Research Project 
PROJECT SPECIFICATION 
 
FOR:   Raymond COX 
TOPIC: Real-world comparisons between target-based and targetless 
point-cloud registration in FARO Scene, Trimble RealWorks and 
Autodesk Recap. 
SUPERVISOR:  Zhenyu Zhang 
PROJECT AIM: The aim of this project is to vigorously test and compare the 
accuracy of point-cloud registration between target-based and 
targetless processing across three common point-cloud software 
packages. This comparison will result from processing identical 
scan data (from up to five different real-world surveying 
scenarios) within each software package according to the two 
methodologies. Based on the accuracies achieved, 
recommendations will be given pertaining to the effectiveness of 
the measuring/processing methods for each scenario tested. 
 
PROGRAMME: Issue A: 18/03/2015 
1) To research the processes and theory behind both target-based and targetless 
registration 
2) Undertake up to five (5) laser scanning surveys encompassing varied, common 
real-world surveying scenarios. Proposed laser scanning scenarios will include a 
heritage facade survey, a quarry plant survey, an internal floor-plan survey, a 
commercial roof-top survey and a monitor survey 
3) The identical fls files from each laser scan project will be imported into the 
three processing software packages—FARO Scene, Trimble RealWorks and 
Autodesk Recap 
4) For target-based registration the artificial targets (predominantly spheres) will 
be identified and utilized in the point cloud registration within each software 
package 
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5) For targetless registration the artificial targets will be cut out/erased from the 
original fls files before registration within each software package 
6) Distances and height differences between identical control points/objects will 
be used in each scan project to compare software packages and registration 
methods. The result will be up to six (6) comparable data points for each 
control object. These data points will be compared to a control survey utilizing 
total-station measurements 
7) If time permits, additional registration will be undertaken that doesn’t cut 
out/erase the artificial targets for targetless registration. This would result in 
additional harmony between scans for the scan to scan targetless registration. 
This would result in up to nine (9) data points for comparison 
8) Conclude by comparing achieved accuracies and offering recommendations for 
laser-scanning survey best practice principles.  
 
 
 
AGREED: 
 
___________________________Student         ________________________Supervisor 
 
__ / ___ / _____       __ / ___ / _____ 
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APPENDIX B 
 
CALIBRATION CERTIFICATE 
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APPENDIX C 
 
 
Safe Work Method Statement—General Survey Work 
 
 
 
Work location............................................................. 
  
 
 
PPE Required: High vis clothing □  Steel-capped boots □   Hard hat □  Hearing protection □   
  Breathing protection □  Sun protection □   Eye protection □ Other......................□ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SIGNATURE DATE 
  
  
  
  
1
3
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Minor consequence = injury treatable by basic first aid/medical attention; and/or economic rework cost < 20k; and/or negligible onsite environmental impact. 
Significant consequence = loss time injury; and/or economic rework cost between 20k and 100k; and/or moderate onsite/minor offsite environmental impact. 
Severe consequence = fatality or permanent injury; and/or economic rework cost >100k; and/or moderate onsite/major offsite environmental impact. 
 
 
Unlikely = could occur/has been known to happen on rare occasions. 
Possible = may occur/has happened before. 
Common = almost certain/will probably occur. 
 
 
Use the Risk Matrix above to assess the risk from each Hazard identified and circle the initial Uncontrolled Risk Level. 
 
 
For risks assessed as Low, the TASKS MAY START. Safe working procedures are to be followed and control measures may be used at the discretion of field staff. 
For risks assessed as Medium, the TASKS MUST BE CHECKED and control measures reviewed by appropriate management before commencing tasks. 
Appropriate control measures to be established 
For risks assessed as High, the TASK MUST STOP and cannot proceed. A specific SWMS must be prepared to establish control measures for high-risk tasks.  
If risks cannot be reduced by implementing control measure then work must not proceed. 
 
 
RISK MATRIX 
CONSEQUENCE 
 
LIKELIHOOD 
UNLIKELY POSSIBLE COMMON 
MINOR LOW LOW MEDIUM 
SIGNIFICANT LOW MEDIUM HIGH 
SEVERE MEDIUM HIGH HIGH 
  
1
3
9
 
 
Job Analysis: 
Activity Hazards 
Uncontrolled 
Risk 
Level 
Control Measures 
Residual 
Risk 
 
Responsible 
Person(s) 
  Set-out / Measure 
detail 
Manual handling L  M  H 
Lift keeping back straight with minimal twisting/bending 
motions. Care in moving instrument/targets. Limit stake bag 
weight. Care loading/unloading vehicles. Bend knees not back. 
L  M  H 
Supervisor/ 
worker 
“ Slips/trips/falls L  M  H 
Care when walking on slippery or rough surfaces. Care when 
walking in long grass. 
L  M  H 
Supervisor/ 
worker 
“ Overhead power lines L  M  H 
No work is to be carried out within 3m each side of or below 
power poles/lines. A spotter is required for any works between 3 
and 6.4m from power poles/lines. For high voltage towers/lines 
no work is to be carried out within 8m each side of or below 
towers/lines. A spotter is required for any works around high 
voltage towers/line between 8 and 10m. 
L  M  H 
Supervisor/ 
worker 
“ Road carriageway traffic L  M  H 
If working within road carriageway a “Safe Work Method 
Statement” for working in road reserves must be completed 
L  M  H 
Supervisor/ 
worker 
“ 
Exposure (i.e. 
Temperature, rain, noise, 
vapours, airborne 
particles, etc.) 
L  M  H 
Use required PPE. Monitor heat and rain exposure by taking 
regular breaks as needed. Use precautionary methods to minimise 
exposure risk to noise, vapours, airborne particles, etc. by 
following site rules. If unsure concerning exposure risk or in the 
event that exposure occurs, stop work and contact site manager 
for direction. 
L  M  H 
Supervisor/ 
worker 
  
1
4
0
 
“ Working at heights L  M  H 
Survey works cannot occur at heights greater than 2m unless 
qualified working at heights personnel work alongside the survey 
team utilising the necessary safety equipment, harnesses, etc. to 
minimise risk(s). 
 
No direct survey work is to be carried out that is over 2m in 
height within 1m of any unguarded edge or face. Offset and/or 
reflectorless measurement methods can be used for required 
survey works at heights greater than 2m within 1m of unguarded 
edges, faces, etc.. 
L  M  H 
Supervisor/ 
worker 
“ Working in trenches L  M  H 
Survey works cannot occur within trenches greater than 1.5m 
deep without adequate shoring and access. If adequate shoring 
and access points exist survey work may commence 
 
 
L  M  H   
Supervisor/ 
worker 
“ Confined spaces L  M  H 
No survey work is to be carried out in confined spaces (i.e. pits or 
trenches deeper than 1.5m, tanks, underground pipes, etc.) 
without a “working in confined spaces” permit and authorisation 
from the OH & S Manager. 
L  M  H 
Supervisor/ 
worker 
“ 
Hammering nails, 
placing rivets, etc. 
L  M  H 
Eye protection must be used in hammering nails or placing rivets 
into concrete. 
L  M  H 
Supervisor/ 
worker 
“ Snake or insect bite L  M  H 
Use supplied gaiters when working in areas where snakes may 
exist. Try to minimise contact with snakes by walking slowly and 
noisily through long grass or other possible snake infested areas. 
Do not approach snakes, wasps nests, hives, etc.. A mobile phone 
must be carried in the event of a snake or insect bite. When 
working in remote locations, a mini first-aid kit must be carried 
by the survey team. 
 
L  M  H 
Supervisor/ 
worker 
  
1
4
1
 
 
 
 
“ Animal attack L  M  H 
Ascertain whether potentially harmful animals are within the 
survey area. If dangerous animals exist, survey work must not 
continue until animals are isolated or relocated. 
L  M  H 
Supervisor/ 
worker 
Hazardous Fuel 
Environments 
Ignition sources in 
Hazardous Zones 
L  M  H 
Remain a safe distance away from potential flammable hazards 
especially when working with potential ignition sources (i.e. no 
hammering nails, etc. that may create sparks). No mobile phones 
to be used in vicinity of hazardous fuel environments. 
L  M  H 
Supervisor/ 
worker 
Driving  company 
vehicles 
Traffic accident L  M  H 
Driver must hold current driver’s license and comply with road 
rules. Driver must not be under the influence of drugs or alcohol. 
A mobile phone must not be used by the driver unless hands free 
can be used. For long drives it is necessary to swap drivers or take 
adequate rest stops every 2 hours. 
L  M  H 
Supervisor/ 
worker 
Parking and 
unloading vehicles 
Traffic accident L  M  H 
Vehicle is to be safely parked. If vehicle is required as a barrier 
against traffic the flashing light must be used to warn oncoming 
motorists. Survey equipment is to be unloaded on the kerb side. 
L  M  H 
Supervisor/ 
worker 
Other… 
 
 
 
 
 
 
 
 
 
L  M  H  L  M  H  
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Safe Work Method Statement—Laser Scanning 
 
Work location.............................................................   
                      …..........................................................                
              
 
PPE Required: High vis clothing □  Steel-capped boots □  Hard hat □ Hearing protection □       
   Breathing protection □ Sun protection □  Eye protection □  
Approved safety goggles for Class 3R lasers □          Other...................... □ 
  
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SIGNATURE DATE 
  
  
  
  
  
1
4
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Job Analysis: 
 
Activity Hazards Control Measures Responsible 
Person(s) 
 
 Use of a Class 
3R Laser 
Scanner 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                
 
 
Direct eye exposure to the laser beam. Viewing the laser beam from a 
short distance without eye protection may pose an eye hazard. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Avoid direct eye exposure and do not 
stare into the beam or view directly 
with optical instruments. 
 
 
 The instrument must be properly 
identified with the use of appropriate 
signage. Signage should communicate 
that laser is being used.  
 
 Laser outlet on scanner is to be 
marked by laser stickers. 
 
 When possible the laser scanner is to 
be set up above or below the average 
eye level range to avoid direct eye 
exposure 
 
 
 The approved safety goggles for use 
with Class 3R lasers are worn at all 
times when working within the 
calculated radial hazard area of the 
instrument.  
 
 
 
 All 
 
 
 
 
 
 All 
 
 
 
 
 All 
 
 
 All 
 
 
 
 
 
 
 All 
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According to the European Standard (IEC 60825-1:2007) the 
resulting hazard area surrounding the scanner can be described as a 
cylinder along the scanner’s Z axis of rotation, where the radial eye 
safety distance is equivalent to the cylinders radius and the axial eye 
safety distance is equivalent to its centre line coming from the centre 
of the scanner mirror. 
 
 The minimum safe radial distance is 
determined based on the scanner 
settings chosen and safety tape, 
barriers, cones, signs etc. must be used 
to keep members of the public out of 
the radial hazard area of the scanner. 
 
 
 All other contractors/employees are 
informed of the work being carried out 
and the minimum safe distance from 
the instrument 
 
 
 Take into account mirrors and/or 
highly reflective surfaces when 
cordoning off scanner area from 
public  
 
 
 
 
 
 
 
 
 All 
 
 
 
 
 
 
 
 All 
 
 
 
 
 
 All 
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APPENDIX D 
 
SCENARIO-SPECIFIC ACHIEVED ACCURACIES 
 
Heritage Façade Scan: 
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Quarry Plant Scan: 
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Floorplan Scan: 
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Tunnel Scan: 
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Commercial Roof Scan: 
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Wharf Monitor Scan: 
 
 
  
 
 
  
 
